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Abstract
In this thesis use a variety of geological observations to address the record of Neogene
crustal deformation in the Central Aegean region, thereby providing new constraints on
the overall geometric and tectonic evolution of an extensional system that is largely
governed by the dynamics of a retreating subducting slab. I document a newly-described
low-angle normal fault, termed the Octonii Detachment, that accommodated NE-SW
directed crustal extension and controlled the pattern of sedimentation within the Early to
Middle Miocene Kymi-Aliveri basin. I date the basin fill using a combination of
magnetostratigraphy and U/Pb zircon geochronometry. Through detailed mapping of the
spatial variation in sedimentary facies within the basin, I relate the record of
sedimentation to Middle Miocene extensional exhumation of the metamorphic core
complexes exposed in the Cycladic archipelago. In contrast with models of supra-
detachment basin development related to fragmentation of the upper plate by arrays of
parallel normal faults, I deduce that sedimentation in the Kymi-Aliveri basin occurred in
the synformal core of a large-scale, extension-parallel fold. These observations provide
direct upper-plate constraints on the timing and kinematics of crustal extension in a
region that has been dominated by observations of lower-plate metamorphic rocks.
Through paleomagnetic measurement of vertical-axis rotations in Early Miocene through
Pliocene basin sequences and associated volcanic rocks, I constrain the initiation of rapid
clockwise rotation in Central Greece to post-Early Pliocene time, and infer that Central
Greece underwent two pulses of very rapid clockwise rotation separated by a ~10 million
year interval of no apparent rotation. This paroxysmal style of deformation contrasts
strongly with previous models of long-term, slow rotation driven by gradual trench
retreat. I propose a model for the Pliocene deformation of the External Hellenides based
on published paleomagnetic data that invokes lateral segmentation of the thrust belt along
spaced zones of right-lateral deflection without development of through-going faults at
the surface. This analysis attempts to explain how right-lateral motion of an internally
stable Aegean Sea block was accommodated between the Kephalonia transform fault and
the western prolongation of the North Anatolian Fault. Finally, I use paleomagnetic
measurements from a ~3.4 billion year old volcanic and sedimentary succession
preserved in the East Pilbara terrane in Western Australia to show that Earth's climate
and geomagnetic field geometry could have arisen in a modern form by this time, and
that the two oldest well-preserved rock sequences on Earth could in fact be remnants of a
single terrane.
Thesis advisor: Leigh Royden, Professor of Geology and Geophysics
3
Acknowledgements
I am especially indebted to Drs. Emmanuel Vassilakis, Leonidas Gouliotis, Laurent
Carporzen, Eduardo Lima, and Robert Buchwaldt for their personal contributions to my
scientific education and for their own work which appears in this thesis in both obvious
and subtle forms. Leigh Royden, B. Clark Burchfiel, and Benjamin Weiss provided
invaluable guidance, for which I am grateful. Each of my field assistants surpassed my
expectations and contributed to the development of many of the ideas presented here. In
order of first appearance, they are Judith Hubbard, Cynthia Bradley, Aleksandra Hosa,
Erika Swanson, James Scott Berdahl, Alison Piasecki, and Fred Pearce. I am especially
grateful to Fred Pearce for our many discussions on Greece. I also thank Wesley Watters,
William Ouimet, Sarah Stewart-Johnson, Einat Lev, Jay Barr, Erin Shea, Benjamin
Black, Grant Farmer, Kang Hyeun Ji, Sonia Tikoo-Schantz, Noah McLean, Eric Saline,
and Talya Havice for their friendship and assistance, as well as the corps of dedicated
undergraduates at field camp who entrusted me with preserving their fragile lives and
filling their not-so-fragile minds. I owe a great debt to my parents for keeping me out of
the field of archaeology, but close enough that people still ask me where I'm digging this
summer. Beyond all others, my wife Judith and son Luke deserve my love and thanks.
4
This thesis is dedicated to the memory of the early field geologists who
pursued the geology and paleontology of Evia on foot or by mule and
without the concepts of plate tectonics, climate change, or evolution by
natural selection: Fuchs, Teller, Spratt, Sauvage, Gorceix, Brongniart, de
Saporta, Gaudry, Unger, Roemer, and Deprat.
"Au rebours de l'opinion de Teller, qui estime la gdologie de l'Eubee fort simple,
nous croyons devoir la considerer comme tres compliqude." - J. Deprat, 1904
5
TABLE OF CONTENTS
Title page 1
Abstract 3
Acknowledgements 4
Dedication 5
Table of Contents 6
List of Figures and Data Tables 7
Chapter 1. The roof of the Cyclades: patterns of upper-crustal deformation in
Central Evia related to the exhumation of metamorphic core complexes in the
Aegean Sea, Greece.
Abstract 16
1. Introduction 17
2. Geological background 18
2.1. The Attic-Cycladic Complex 18
2.2. The Sub-Pelagonian Zone 21
2.3. The South Evia-North Attica Fault 25
2.4. The Kymi-Aliveri basin 26
3. The record of crustal extension in Central Evia 26
3.1. The Octonii Detachment and the Pounta Unit 27
3.2. High-angle faults and the Kymi-Aliveri basin 33
3.3. Fault slip analysis 32
4. Discussion 36
4.1. The tectonic setting of the Kymi-Aliveri basin 39
4.2. The western Aegean detachment system 38
5. Conclusions 40
Acknowledgements 42
Figure captions 42
Table captions 46
References 46
Table 1 56
Figures 57
6
Chapter 2. The stratigraphic record of Early to Middle Miocene Aegean
extension from the Kymi-Aliveri basin, Evia, Greece
Abstract 70
1. Introduction and geological background 70
2. The Kymi-Aliveri basin 74
3. Descriptive stratigraphy 75
3.1 Prinias Group 77
3.1.1 Latas Formation 78
3.1.2 Dendra Formation 79
3.1.3 Kymi Formation 79
3.1.4 Octonii' Formation 83
3.2 Mantzari Group 85
3.2.1 Kalovoulo Formation 85
3.2.2. Avra Formation 86
3.2.3 Eleon Formation 88
3.2.4 Kremastos Formation 88
3.3 Koustoumalou Group 89
3.3.1. Aghios Loukas Formation 89
3.3.2. Gawalas Formation 90
4. Unconformities 90
5. Paleocurrent analysis 91
6. U/Pb zircon dating methods 93
7. Volcanics 94
7.1. Oxylithos volcanics 94
7.2. Orion-Spilia pyroclastics 97
7.3. Kymi Formation airfall-waterfall tuffs 98
8. Magnetostratigraphy 99
9. Discussion and conclusions 103
Acknowledgements 107
Appendix I: Clast types for cobble counts. 107
Figure captions 109
Table captions 114
References 115
Tables 127
Figures 131
7
Chapter 3: Segmentation of the Hellenides recorded by Pliocene initiation of
clockwise block rotation in Central Greece
Abstract 148
1. Introduction 149
2. Methods 153
3. Sampling and paleomagnetic results 156
3.1. Late Miocene-Pliocene Markopoulo basin 156
3.2. Early-Middle Miocene Kymi Formation 157
3.3. Middle Miocene Oxylithos volcanics 158
3.4. Late Miocene Lavrion granodiorite 160
3.5. Pliocene Limni-Istaea basin 161
3.6 Late Miocene Palioura-Gides basin 162
3.7 Late Miocene-Pliocene Larymna-Malesina basin 163
4. Rock magnetism 164
5. Discussion 167
5.1 Pliocene vertical-axis rotation of Central Greece 167
5.2 Vertical-axis rotation and regional crustal deformation 169
5.3 Development of the Aegean arc 171
6. Conclusions 171
Acknowledgements 172
Figure captions 172
References 180
Tables 184
Supplementary text and tables 185
Figures 194
Chapter 4. Unkinking an orogen: Patterns of disruption of the External
Hellenides thrust belt associated with Pliocene slab rollback and implications
for Aegean extension
Abstract 205
1. Introduction 205
2. Geological background 207
3. Paleomagnetic constraints on post-thrusting deformation 211
3.1. The Ionian Zone 211
3.2. The Pindos Zone and the Mesohellenic Trough 213
4. Transverse fault zones 214
5. Reconstruction of the External Hellenides thrust belt prior to -4 Ma 217
8
6. Implications for Miocene extension in the Aegean interior 218
7. Conclusions 223
Acknowledgements 224
Figure captions 224
Table captions 226
References 228
Tables 235
Figures 244
Chapter 5. Records of Paleoarchean geomagnetism, climate, and tectonics
across Earth's oldest known erosion surface
Abstract 253
Introduction 254
Magnetostratigraphy 257
Discussion 259
Paleoarchean geomagnetism and climate 259
Paleoarchean Vaalbara 260
Conclusions 262
Acknowledgements 262
Figure captions 263
References 264
Supplementary information 267
1.0 Paleomagnetism and rock magnetism 267
1.1 Sample acquisition and orientation 267
1.2 NRM demagnetization and analysis 267
1.3 Rock magnetism 268
2.0 Electron microscopy 269
3.0 Core misorientation 270
4.0 Age of magnetizations 271
Supplementary tables 271
Supplementary figure captions 277
Supplementary references 271
Figures 283
Supplementary figures 287
9
LIST OF FIGURES AND DATA TABLES
Chapter 1.
Figure 1. Geological context and schematic geological map of Central Greece and the Cyclades.
Figure 2. Generalized geological map of Central Evia.
Figure 3. Tectonostratigraphy of Central Evia.
Figure 4. Field relationships at the base of the Liri-Mistros Unit.
Figure 5. Major low-angle fault contacts in Central Evia.
Figure 6. Field photographs of the Pounta Unit.
Figure 7. Geological map of the Octonii Detachment.
Figure 8. Physical characteristics of the Octonii Detachment.
Figure 9. Field photographs of normal faults affecting the Servouni Unit and the Kymi-Aliveri
basin.
Figure 10. Fault slip data and kinematic axes for the Kymi-Aliveri region.
Figure 11. Location of large-scale extension parallel folds in Central Greece and the Cyclades
Figure 12. Large-scale folds of Attica
Figure 13. Comparison of kinematic axes for brittle and ductile structures in Evia and Attica.
Table 1. Fault kinematics parameters derived from the multiple-slip method.
Chapter 2.
Figure 1. Geological setting of the Kymi-Aliveri basin.
Figure 2. Simplified geological map of the Kymi-Aliveri basin.
Figure 3. Field photographs of three distinctive clast provenances.
Figure 4. Field photographs of the Latas and Dendra Formations.
Figure 5. Field photographs of the Kymi Formation.
Figure 6. Tracing of field photograph of a slump in the Andronianoi Member.
Figure 7. Field photographs of the Octoniai and Kremastos Formations.
Figure 8. Logged stratigraphic columns of the Mantzari Group.
Figure 9. Field photographs of the Avra Formation.
Figure 10. Field photographs of the Koustoumalou Group.
Figure 11. Map showing paleocurrent directions and clast provenance from cobble counts.
Figure 12. Concordia diagrams for Miocene igneous units.
Figure 13. Demagnetization characteristics of the Kymi Formation
Figure 14. Geological maps and field photographs of the Oxylithos and Orion-Spilia volcanic
units.
Figure 15. Magnetostratigraphy of Section A.
Figure 16. Magnetostratigraphy of Section B.
Figure 17. Schematic diagram showing new age controls on the Kymi-Aliveri basin fill.
10
Table 1. U/Pb CA-ID-TIMS data for individual zircons separated from Miocene volcanics.
Table 1. Paleomagnetic site mean directions from Section A.
Table 2. Paleomagnetic site mean directions from Section B.
Chapter 3.
Figure 1. Tectonic context of the Eastern Mediterranean region.
Figure 2. Paleomagnetic declinations and geodetic velocity field in the Aegean
Figure 3. Neogene geology of Central Greece.
Figure 4. Estimated ages of Neogene sedimentary basins and associated igneous rocks.
Figure 5. Representative demagnetization paths.
Figure 6. Stereonet diagrams showing site-mean directions.
Figure 7. Parametric reversal and tilt tests for the Kymi-Aliveri and Limni sequences.
Figure 8. Paleomagnetic rotations in Central Greece.
Figure 9. Schematic reconstruction of the Aegean region at -4 Ma
Figure S1. Behavior of lacustrine rocks under AF demagnetization.
Figure S2. Isothermal magnetic properties of representative lacustrine rocks.
Chapter 4.
Figure 1. Plate tectonic context of the Aegean region.
Figure 2. Geometry and velocity field of the Hellenides and the fault systems of western Greece.
Figure 3. Back-projection of the Pindos-Pelagonian Zone contact to 4 Ma.
Figure 4. Paleomagnetic record of post-thrusting deformation of the External Hellenides thrust
belt.
Figure 5. Stereonets showing paleomagnetic evidence for an originally linear thrust belt.
Figure 6. Variation of grand mean declination with latitude and structural trend.
Figure 7. Schematic reconstruction of the External Hellenides at 4 Ma.
Figure 8. Distribution of paleomagnetic data utilized in the van Hinsbergen et al. (2008) mean.
Figure 9. Map of northern Greece showing paleomagnetic and structural data.
Chapter 5.
Figure 1. Geological context and paleomagnetic remanence of the ABDP-8 drill core.
Figure 2. Magnetostratigraphy across Earth's oldest erosion surface.
Figure 3. Reconstruction of Paleoarchean Vaalbara after De Kock et al. (2008)
Figure 4. Stratigraphy and geochronology of comparable unconformities in the Kaapvaal and
East Pilbara cratons
Figure DRI. Drilling overprint isolated from great circle fits to low-field demagnetization paths.
Figure DR2. Paleomagnetic evidence for core misorientation from smearing of ChRM.
Figure DR3. Normalized thermal unblocking spectra of specimens.
Figure DR4. Hysteresis parameters plotted on Day-Dunlop diagram.
Figure DR5. Representative hysteresis loops from specimen endchips.
11
Figure DR6. Results of the Lowrie 3-axis demagnetization of orthogonal IRM technique.
Figure DR7. Results of the modified Lowrie-Fuller test.
Figure DR8. Published VGPs for the East Pilbara Block.
Figure DR9. Backscatter electron micrograph of skeletal titanium oxide representing dissolved
igneous titanomagnetite.
Figure DR10. Reassessment of the Marble Bar Chert paleomagnetic directions of Suganuma et
al. (2006) as reflecting core misorientation.
Table DRIA. Magnetization components obtained from PCA of thermal demagnetization paths.
Table DRIB. Virtual geomagnetic poles calculated from the data in Table SlA.
Table DR2. EBm linear component fits.
Table DR3. EBm plane fits.
Table DR4. EBp linear component fits.
Table DR5. CDm linear component fits.
Table DR6. CDp linear component fits.
Introduction
The uppermost ~1-2 km of Earth's crust that is exposed to direct observation at the
surface is the richest source of information about the physical processes that characterize
continental tectonics over long timescales. Since the first recognition of geological terranes
representing exhumed portions of the middle and lower crust, the paths that rocks take from the
surface to great depth and back again have been a major focus of geological, geophysical, and
geodynamical research. The discovery of very large, low-angle normal faults (termed extensional
detachments) with metamorphic footwalls and strongly extended, nonmetamorphic hanging
walls provided a new framework for interpreting some of the first-order physical features of
orogenic belts. One approach to understanding the exhumation of deep-seated terranes is to use
the intensive properties of the uplifted rocks to constrain the history of deformation and cooling.
Studies of this type typically involve a combination of metamorphic petrology,
thermochronometry, and structural geology of ductile to brittle rock fabrics, and thereby provide
important constraints on the position of these rocks in the crust through time. A complementary
approach utilizes the rock record of the preserved portions of the upper plate, which experience
brittle deformation, translation, rotation, sedimentation, and volcanism as they are removed from
above the lower plate rocks. These studies typically attempt to reconstruct the tectonic evolution
of a region over time through detailed analysis of syntectonic sedimentary basins, kinematic
analysis of brittle faults, and paleomagnetic measurement of the rotational component of upper
crustal deformation.
The Aegean region exposes a number of exhumed metamorphic terranes that have
featured prominently in our understanding of the relationships between crustal thickening,
continental subduction, and supra-subduction extension in a setting of long-term plate
convergence. Of these terranes, the Attic-Cycladic complex of the central Aegean Sea region is
perhaps the most prominent, and there is scarcely an outcrop on the Cycladic islands that has not
felt the tread of a geologist. This belt of high-grade rocks does not preserve an upper plate, and
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the geological record is therefore strongly biased toward observations of the lower plate. The
hippocampiform island of Evia in the western Aegean region provides an unusually favorable
place to attempt to tie the record of sedimentation, brittle faulting, and folding at Earth's to the
equivalent record preserved in exhumed metamorphic rocks. In this thesis, I demonstrate that the
upper plate of the Attic-Cycladic complex is preserved in Central Evia, and that there is a rich
record of syntectonic deformation, sedimentation, and volcanism that provides a new perspective
on the timing and style of Aegean extension.
Paleomagnetism provides a reliable method for dating sedimentary sequences and
tracking the rotational component of crustal motion through time, assuming that rocks of the
appropriate age and magnetic properties can be found. The timing and pattern of vertical-axis
rotation measured by this method imposes basic geometric constraints on the deformation of the
uppermost crust. The great problem of extensional tectonics is that while there are many regions
of active continental rifting characterized by arrays of graben-bounding normal faults and
subsidence and burial of footwall rocks, there are no clear examples of active extensional
detachment faulting accommodating the rise to the surface of domiform footwall rocks. At
present, parts of the Aegean region are undergoing very rapid extension without any indication
of active detachment faulting. This fundamental transition in the style of crustal deformation
from regional detachment faulting to regional rifting probably reflects a change in plate
boundary conditions, and is therefore of central importance to understanding the role of
subduction in dictating the tectonics of the overriding plate. Once again, the island of Evia
occupies a fortuitous position, lying within a region of rapid vertical-axis rotation that is
associated with large-scale continental transform faulting.
Geological insight often arises from strong contrast. In an effort to generate the
strongest possible contrast, I turned my attention to the Paleoarchean supracrustal rocks of the
East Pilbara block in Western Australia. Because Earth's history at this time is so poorly known
due to the vanishingly small rock record, the same paleomagnetic techniques that tracked the
deformation of a small piece of crust in Greece over the last 3 million years allow me to argue
about the state of Earth's climate and the character of the geomagnetic field 3.3 billion years ago.
The first two chapters of this thesis focus on the record of Early to Middle Miocene
sedimentation and deformation in Central Evia, Greece. This area is uniquely positioned to
record the tectonic evolution of the upper crust during exhumation of the adjacent Attic-Cycladic
metamorphic complex to the surface. While the metamorphic rocks exposed in South Evia,
Attica, and the Cyclades have been the subject of intensive investigation over the last 40 years,
the neighboring region of Central Evia remains relatively poorly known.
In Chapter 1, I establish the wider geological context of Central Evia as the preserved
upper plate of the adjacent Attic-Cycladic Complex, which exposes the classic central Aegean
metamorphic core complexes that were exhumed to the surface during Miocene time. Through
geological mapping, I document the tectonostratigraphic structure of this region as a stack of
four distinctive thrust sheets that were imbricated during two episodes of thrusting during Late
Jurassic/Early Cretaceous and Eocene time, and were subsequently tectonically thinned during
NE-SW directed extension. I also document the existence of the Octonid Detachment, which is a
west-dipping low-angle normal fault that cuts Miocene sediments of the Kymi-Aliveri basin,
indicating a supradetachment position for the basin and Central Evia. The lower plate of this
detachment is structured by lineated marbles of the Pounta Unit, which bear rock fabrics that are
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typical of lower plate rocks elsewhere in the Aegean. I utilize analysis of fault slip data to
constrain the kinematic directions of the extension of the upper plate, and conclude that they are
identical to the late-stage extension of the ACC associated with Miocene brittle detachment
faulting. As a consequence of my reinterpretation of the structure of Central Evia, I document a
set of large-wavelength extension parallel folds that structure the upper and lower plates of the
ACC. These folds developed during deposition within the Early to Middle Miocene Kymi-
Aliveri basin and represent the main mode of upper crustal deformation during detachment
faulting. Based on structural and chronological arguments, I propose correlation of the OctoniA
Detachment with the West Cycladic Detachment System of the Cyclades and the Strymon Valley
Detachment of northern Greece.
In Chapter 2, I document the sedimentary fill of the Kymi-Aliveri basin, which I divide
into the lowermost, dominantly lacustrine Prinias Group, the conglomeratic Mantzari Group, and
the uppermost Koustoumalou Group. I identify three distinctive clast provenances that record
appearance of progressively higher-grade rocks within the catchment area during basin
development. The distribution of sedimentary facies, the pattern of paleocurrent directions, and
the development of internal unconformities are consistent with sedimentation during progressive
extensional deformation in a supradetachment setting. I date the sedimentary fill using a
combination of magnetostratigraphy in the Prinias Group and U/Pb zircon dating of intrusive and
eruptive volcanic deposits, confirming a late Early Miocene to Middle Miocene age for basin
development.
In Chapter 3, I use paleomagnetic measurements from Early Miocene to Pliocene
terrestrial sediments and associated volcanic rocks in Central Greece to document the history of
vertical-axis rotation in this region. In contrast with previous studies in this area, I document
~25' of clockwise rotation since Middle Pliocene time over Central Greece and the western
Cyclades. Furthermore, there was no resolvable vertical-axis rotation in this region between 15
Ma and 3-4 Ma, suggesting that Neogene deformation in the Aegean occurred in two distinct,
rapid pulses. Initiation of the present-day rapid clockwise rotation records a transition to the
modern tectonic setting of intracontinental transform faulting along the Kephalonia-North
Aegean Sea-North Anatolian fault system. The paleomagnetic rotation rates are much larger than
the geodetic rotation rates, suggesting that the system evolved more quickly as it initated, or that
the geodetic velocity field does not fully capture the post-4 Ma deformation of the Aegean.
In Chapter 4, I examine the onshore prolongation of the Kephalonia Fault in order to
assess whether relative motion of the Aegean Sea Block was accommodated by enigmatic
deformation of the continental crust. I utilize the high-density published paleomagnetic dataset to
reconstruct the pre-Pliocene geometry of the External Hellenides thrust belt and the Pindos
mountain range, from which I estimate -50km of right-lateral offset between northern Greece
and the Peloponnesos. A large amount of this offset was accommodated by continuous
deformation of the crust along enigmatic shear zones without development of through-going
strike-slip faults.
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In Chapter 5, I turn my attention to a different subject and present the results of a
paleomagnetic analysis of the ABDP-8 drill core, which penetrated some of the oldest well-
preserved supracrustal rocks on Earth in the East Strelley Belt of the East Pilbara Block, Western
Australia. This core was absolutely oriented during drilling, allowing for measurement of
paleomagnetic declination and inclination in samples recovered from 20-350m core depth. I find
a step change in the direction of magnetization carried by low-Ti titanomagnetite across Earth's
oldest know erosional surface, indicating that the rock column preserves a Paleoarchean
magnetization. Upon tilt correction, the magnetic pole calculated from the Euro Basalt coincides
with previously published poles from the Duffer Formation, demonstrating that the Paleoarchean
successions of the East Pilbara Block at least locally preserve a uniform magnetization. The
shallow inclination preserved in the Euro Basalt is consistent with magnetization at low latitude
in a dipole field, suggesting that the earliest known carbonate platform of the underlying Strelley
Pool Formation was deposited at equatorial latitude. The Euro Basalt Pole coincides with
Paleoarchean poles from the Kaapvaal craton under a previously proposed restoration of
Neoarchean Vaalbara, strengthening the argument that the Pilbara and Kaapvaal blocks were
conjoined between 3.4 and 2.5 Ma.
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Chapter 1
The roof of the Cyclades: patterns of upper-crustal deformation in Central Evia related to
the exhumation of the metamorphic core complexes in the Aegean Sea, Greece.
Kyle Bradley, Leigh Royden, and B.C. Burchfiel
Abstract
The exhumed metamorphic rocks of the Attic-Cycladic Complex exposed in the Central Aegean
Sea provide a window into the evolution of the deeper parts of a long-lived accretionary orogen
that was built during convergence of Africa and Eurasia and subsequently subjected to strong
extension. Due to the absence of exposed hanging wall rocks, the history of late-stage
exhumation associated with brittle detachment faulting in this region has been inferred mainly
from observations of the lower plate. We describe a west-dipping brittle detachment fault,
termed the Octoniai Detachment, that is exposed in Central Evia and separates foliated and
lineated footwall marbles and schists from non-metamorphic rocks of the Sub-Pelagonian Zone
and the Early to Middle Miocene Kymi-Aliveri basin. Middle Miocene deformation in the upper
plate was characterized by brittle extension oriented parallel to ductile stretching lineations in the
footwall of the Octonii Detachment, and the development of large-scale extension-parallel folds.
The South Evia-North Attica Fault nucleated along the line of minimum flexure of an extension-
parallel fold, and subsequently acted as an extensional transfer fault accommodating final
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exhumation of the ACC. The Attic-Cycladic upper plate is therefore preserved in Central Evia,
providing a new perspective on the late stage deformation of this important exhumed terrane.
1. Introduction
The metamorphic complexes exposed within structural culminations in the interior of the
Dinaride-Hellenide-Tauride orogenic belts are classic examples of upper-crustal rocks that were
carried to great depth in a subduction zone setting, accreted to the overriding plate, and then
exhumed back to the surface (Lister, 1984, Avigad and Garfunkel, 1991; Gautier and Brun,
1994; Ring et al., 2010; van Hinsbergen et al., 2010). These rocks are commonly interpreted as
the manifestation of a prolonged history of deep collisional underthrusting, syn-collisional
exhumation in a subduction channel setting, and ultimate unroofing by back-arc extension driven
by rollback of the African lithospheric slab with respect to the Eurasian plate (Jolivet and
Faccenna, 2000; van Hinsbergen, 2005; Royden and Papanikolaou, 2007, 2011; Ring et al.,
2007; Ring, 2010; Jolivet and Brun, 2010). In particular, the Attic-Cycladic Complex (ACC) of
the central Aegean Sea (Figure 1) is considered a type locality for large-magnitude extension of
continental crust and exhumation of a lower plate of metamorphic rocks from beneath a non-
metamorphic upper plate by the action of low-angle normal faults in a retreating subduction zone
setting (Lister, 1984, Avigad and Garfunkel, 1989, 1991; Gautier and Brun, 1994).
The history of underthrusting and exhumation in the ACC has primarily been constrained
through structural and thermochronological studies of the metamorphic lower plate rocks
(Maluski et al., 1987; Schermer et al., 1993; Lips et al., 1998; Ring et al., 2007). In many
exhumed terranes, the record of exhumation inferred from lower-plate rocks is corroborated by
contemporaneous records of deformation, volcanism, and syn-tectonic sedimentation preserved
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in the upper plate. In the Cycladic archipelago, the metamorphic lower plate is well exposed
while the upper plate persists only as small, isolated fragments overlying brittle detachment
faults (Photiades and Carras, 2001; Photiades and Saccani, 2006; Katzir, 2000; Mehl, 2007).
Remnants of syntectonic sedimentary basins are also poorly preserved and scattered
(Dermitzakis and Papanikolaou, 1980; Angelier et al, 1978; Roesler, 1978; B6ger, 1983; Lisker,
1993; Kuhlemann, 2004). We address this persistent problem by presenting new field
observations of the upper crustal structure and Late Cenozoic deformation of the Sub-Pelagonian
Zone in Central Evia, located along the northwestern flank of the ACC (Figure 2). This region
exposes a large, well-preserved remnant of the upper plate of the ACC that bears a detailed
record of the timing and processes of crustal deformation related to final exhumation of
metamorphic rocks to the surface.
2. Geological background
2.1 The Attic-Cycladic Complex
The ACC can be subdivided into three tectonostratigraphic units: The Basal Unit, the
Cycladic Blueschist-Greenschist Unit (CBGU), and the Upper Unit (Dtrr et al., 1978;
Papanikolaou, 1984; Avigad and Garfunkel, 1989; Avigad et al., 1997; Shaked et al., 2000; Ring
et al., 2001, 2007; Xypolias and Kokkalas, 2003). The CBGU is the most widely-exposed unit in
the ACC, consisting of intensely deformed marbles, schists, quartzites, metabasites, and
serpentinites (Marinos and Petrascheck, 1956; Dtirr et al., 1978) that locally preserve well-
developed blueschist parageneses of Eocene age (Maluski et al., 1987) and experienced
recrystallization in greenschist facies during Late Oligocene to Early Miocene time (Ring et al.,
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2001, Ring and Layer, 2003; Br5cker et al., 2004). The deformation of the CBGU in South Evia
has been described in some detail (Shaked et al., 2000; Xypolias and Kokkalas, 2003; Chatzaras
et al., 2011; Xypolias et al., 2010, 2012). For this discussion, we adopt the most recent
framework of Xypolias et al. (2012), which identifies four distinct deformation episodes in the
Styra and Ochi Units of South Evia. Rarely preserved Du/2 fabrics record top-to-the-SE (present-
day coordinates) shearing during prograde metamorphism in blueschist facies, and are
interpreted as recording the initial phase of deep underthrusting during Eocene continental
subduction. D3 fabrics record a period of upright folding that may reflect to the transition from
underthrusting to exhumation (Xypolias et al., 2012). D4 fabrics are characterized by a spaced to
penetrative foliation bearing ENE-WSW trending, greenschist-facies stretching lineations that
parallel the hinges of ductile folds of all scales. D4 deformation coincided with exhumation to
very shallow levels of 1-2 kbar (Xypolias et al., 2012). D5 is recorded by dominantly NE-
dipping, small-offset, brittle shear zones of normal sense that truncate the ductile D4 fabrics and
are interpreted as recording NE-SW-directed crustal extension.
The D 12 deformation is of Eocene age (-55-35 Ma) based on 4 0Ar/39Ar dating of Na-
amphiboles in the Styra and Ochi Units of South Evia (Maluski et al., 1981) and correlation with
the well-dated blueschist-facies rocks exposed in the central Attic-Cycladic Complex and the
Olympos-Ossa windows (Schermer et al., 1993; Lips et al., 1998). The D4 fabrics could be as old
as Oligocene-Early Miocene in age (Xypolias et al., 2012); however, there is a broad scatter in
40Ar/39Ar and 87Rb/86Sr mica ages in these rocks that implies a lack of equilibration during
overprinting. The D5 brittle normal faults clearly postdate a well-resolved greenschist-facies
overprint at ~24-21 Ma (Brcker et al., 2004; Brdcker and Franz, 2007; Ring et al., 1999; 2007;
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Ring and Reischmann, 2002), and D5 normal faults offset Middle Miocene aplitic sills on the
island of Tinos (Jolivet et al., 2010).
In Evia, the Basal Unit consists of a thick sequence of marbles and phyllites, collectively
termed the Almyropotamos Unit, that originated as Middle Triassic through Late Eocene
platform carbonates depositionally overlain by undated olistostromal flysch (Dubois and Bignot,
1979; Katsikatsos, 1986, 1987; Shaked, 2000). The structure and deformational history of the
Basal Unit has been described in both Attica and South Evia (Lozios, 1993; Xypolias and
Kokkalas, 2003; Ring et al., 2007; Xypolias et al., 2010; 2012). Eocene blueschist-facies DI/2
fabrics are nowhere apparent, and the rocks are structured by variably-developed D4 greenschist-
facies ductile fabrics with an ENE-WSW trending stretching lineation (D2 of Xypolias and
Kokkalas (2003)). Phengite from the Basal Unit yields consistent Early Miocene (~22-21 Ma)
4 0Ar/39Ar ages, which were originally interpreted as resulting from deep underthrusting in HP/LT
conditions (10 kbar, 350-400 *C), requiring a large amount of post-Early Miocene exhumation
(Ring and Reischmann, 2002; Ring et al., 2007), but have since been reinterpreted as reflecting
the timing of regional greenschist-facies retrogression (Br5cker et al., 2004; Br6cker and Franz,
2007).
The tectonic context of the D4 deformation remains controversial. This fabric is most
commonly interpreted as reflecting noncoaxial strain in deep ductile shear zones that operated
synchronously with low-angle brittle detachment faults during large-magnitude crustal extension,
as is thought to be the case for most Cordilleran core complexes (e.g. Lister, 1984; Forster and
Lister, 2009; Jolivet et al., 2010). Alternatively, this fabric may reflect ductile constriction during
syn-thrusting exhumation related to southwest-vergent underthrusting of the Basal Unit beneath
the CBGU (Xypolias and Kokkalas, 2003; Chatzaras et al., 2011; Xypolias et al., 2010, 2012).
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This difference in the inferred tectonic setting of the D4 deformation reflects different views on
the timing of transition from collision and crustal thickening to extension and crustal thinning.
The Upper Unit of the Cyclades consists of lithologically heterogeneous nonmetamorphic
and metamorphic rocks unaffected by Eocene or later metamorphism (Avigad and Garfunkel,
1991) that are exposed in thin (<1km) slices in the hanging wall of low-angle normal faults in
eastern Attica (Photiades and Carras, 2001; Photiades and Saccani, 2006) and on the islands of
Andros (Katzir, 2000), Tinos (Mehl, 2007), Syros (Maluski, 1987; Trotet, 2001), and Kea
(Iglseder, 2011). Correlation of the Upper Unit with the Pelagonian Zone (s.l.) is supported by its
structural position above retrogressed Eocene blueschists, the occurrence of metabasite bodies
interpreted as Eohellenic ophiolites (Jacobshagen and Dornsiepen, 1986), and radiometric
evidence for an Upper Cretaceous high-temperature metamorphic event (D~rr, 1986; Maluski,
1987; Avigad and Garfunkel, 1991). However, well-preserved rocks unequivocally belonging to
the adjacent Sub-Pelagonian Zone (Section 2.2) are nowhere exposed in direct low-angle fault
contact with the ACC.
2.2 The Sub-Pelagonian Zone
In contrast with the polydeformed, polymetamorphic rocks of the ACC, western Attica
and Evia are structured by non-metamorphic thrust sheets of the Sub-Pelagonian Zone (Aubouin
et al., 1970; Papanikolaou, 1986). While the full tectonostratigraphic section is best exposed in
Central Evia, the geology of this region has not been synthesized since publication of new
mapping and stratigraphic data over the last two decades and the I.G.M.E. geological map for the
Steni Dirfys region remains unpublished (Robertson, 1991; de Bono, 1998; de Bono et al., 2001),
and the main faults are not clearly delineated. We identify four tectonostratigraphic units in the
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Sub-Pelagonian Zone of Central Evia that are distinguished by their internal stratigraphy and
metamorphic grade (Figure 3). Beginning with the structurally highest unit and proceeding to the
lowest, these are the Dirfys, Servouni, Liri-Mistros, and Gerontas Units.
The Dirfys Unit crops out over much of western Central Evia, where it consists of a
typical Sub-Pelagonian sequence (sensu Aubouin et al., 1970). Very low grade Permo-Triassic
clastic, volcaniclastic, and volcanic rocks are transgressively overlain by Late Triassic to Jurassic
neritic carbonates (Deprat, 1904; Guernet, 1965, 1971). This platform sequence is mantled by
Late Jurassic deep-water radiolarites and red shales, which are incorporated into and overlain by
the tectono-sedimentary Pagondas Mdlange (Robertson, 1991; Scherreiks, 2000; Danelian and
Robertson, 2001; Scherreiks et al., 2009). The melange is in turn structurally overlain by a thick
ophiolite sequence that was obducted in Late Jurassic to Early Cretaceous time (Parrot and
Guernet, 1972; Papanikolaou, 2009), which was subjected to subaerial weathering prior to
subsidence and deposition of a Late Cretaceous neritic carbonate platform. The drowning of this
platform is recorded by a transition to Maastrichtian pelagic limestones, which pass upward into
a Paleocene-Eocene flysch sequence (Katsikatsos et al., 1986).
The Servouni Unit is exposed over most of eastern central Evia and forms the immediate
basement of the Kymi-Aliveri basin. The stratigraphy of this unit has been documented in some
detail (De Bono, 1998; De Bono et al., 2001; Stampfli et al., 2003), and we adopt the
terminology of these studies here. Crystalline basement is represented by discontinuous, often
strongly cataclastic outcrops of the Late Carboniferous Skotini Granite, which is
nonconformably overlain by the Permian arkoses and carbonates of the Ano Mavropoulon
Formation, which are in turn overlain by the Lower to Middle Triassic, peritidal Zigos
limestones and the Middle to Upper Triassic Volcanosedimentary Complex. A thick Middle
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Triassic through Jurassic platform carbonate sequence is overlain with angular unconformity by
a bauxite-mantled erosion surface, which is covered by a Cenomanian neritic carbonate platform,
Maastrichtian pelagic limestone, and Paleogene flysch. In contrast to the Dirfys Unit, the sub-
Cretaceous unconformity of the Servouni Unit is not mantled by an obducted ophiolitic mass,
although discontinuous patches of red shales, small pods of serpentinite and gabbro, and
Cretaceous bauxites are locally present on the unconformity surface (Katsikatsos et al., 1981).
The Upper Jurassic-Lower Cretaceous obduction event is primarily recorded by truncation of
large-scale folds affecting the Triassic-Jurassic carbonates by the Late Cretaceous unconformity.
The Liri-Mistros Unit consists of conglomerates, arkosic sandstones, and flysch-type
turbidites of Permian to Late Triassic age (the Liri Unit; de Bono, 1998) that were deposited
upon a crystalline basement of Carboniferous gneisses and schists intruded by undated mafic
dykes (the Mistros Unit; de Bono, 1998). The upper ~200m of the Liri Unit contains
disconnected, internally folded blocks of Carboniferous limestone and granite, ranging from
meter to sub-kilometer scale, which are interpreted either as olistostromes shed from a Triassic
rifted margin (de Bono, 1998), or, more likely, as fault-bounded slivers derived from an
overlying thrust sheet (Robertson, 2006). The Liri Unit attained lowermost greenschist facies and
is affected by a variably-developed foliation that is continuous within argillic units but is absent
or appears only as a spaced cleavage in coarse conglomerates and arkoses. This foliation is most
strongly developed near the base of and top of the unit, where an E-W to NE-SW trending
intersection lineation is weakly developed that parallels the hinge lines of isoclinal, intrafolial
folds. Phacoidal flattening fabrics are common throughout the Liri Unit (Robertson, 2006), but
are especially well-developed in northern exposures where the unit is structurally thinnest.
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The Gerontas Unit consists of (Permian?) gypsiferous coarse clastics, overlain by a
(Triassic?) volcanosedimentary sequence with interbedded limestones, which is in turn overlain
by a shallowing-upward succession of Triassic-Jurassic carbonates (Katsikatsos, 1999). Along
the northeastern flank of Olympos Mountain, Upper Jurassic to Early Cretaceous radiolarian
cherts and reworked carbonate sediments depositionally overlie Jurassic neritic platform
carbonates (de Bono, 1998). These cherts are structurally overlain by an undated volcanic-
sedimentary melange containing Jurassic (Ladinian) limestone blocks (de Bono, 1998). The
structural windows of the Stropones-Metochi region (Figure 2, locality 1) expose Jurassic
marbles termed the Stropones Limestone (de Bono, 1998) that are in brittle fault contact with,
and lie structurally beneath, the highly attenuated Liri-Mistros Unit (Robertson, 2006; Guernet,
1979). The Stropones-Metochi marbles are locally overturned, but do not exhibit penetrative
ductile fabrics and preserve original bedding structures and fossil forms (de Bono, 1998), ruling
out correlation with the mylonitic marbles of the ACC. We mapped discontinuous patches of
knocker-bearing serpentinite melange decorating the fault contact between the Liri-Mistros Unit
and the Stropones Limestones (Figure 4A,B), suggesting a correlation between the Stropones
Marbles and the Gerontas Unit.
These tectonostratigraphic units are separated by undulatory, low-angle brittle faults.
While repetition of stratigraphy indicates that these faults originated as thrusts (de Bono, 1998),
we observed consistent evidence for normal-sense reactivation over much of Central Evia. The
Stropones Marble (Figure 2, locality 1) is locally mantled by >20m of powdery carbonate gouge
(Figure 5A). The overlying Liri-Mistros Unit has a structural thickness of only -10-30 m and
exhibits intense phacoidal flattening fabrics and S/C' fabrics exhibiting top-to-the-NE
kinematics. Near Manikea (Figure 2, locality 2), the contact between the Liri-Mistros and
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Servouni Units is an east-dipping normal fault marked by a >3 m thick gouge zone and a >20 m
thick brittle fault zone (Figure 5B). The high-strain fault core exhibits S/C and S/C' fabrics
showing top-to-the-east normal-sense displacement. Down-dip brittle kinematics and gouge
zones up to 6 m thick are common all along this contact, which locally excises the lower
Servouni Unit sequences, and the hanging wall commonly exhibits small-offset, conjugate
normal faults (Figure 5C). Near Theologos (Figure 2, locality 3), the Dirfys Unit is downthrown
into contact with the Gerontas Unit, entirely omitting the intervening Liri-Mistros Unit. The
contact between these two units is a low-angle fault that dips ~20' westward and is overlain by a
~20m thick brittle shear zone exhibiting normal-sense (top-to-the-west) kinematics (Figure 5D).
The Late Jurassic-Early Cretaceous and Eocene thrust faults of Central Evia have therefore been
largely reactivated during regional extension.
2.3. The South Evia-North Attica Fault
The South Evia-North Attica Fault defines the contact between nonmetamorphic rocks of
the Sub-Pelagonian Zone and the metamorphic rocks of the Attic-Cycladic Complex, and is
therefore one of the most prominent but poorly studied tectonic contacts in Greece (Figure 2). In
contrast with the wandering traces of the Cycladic detachment faults, this structure is linear or
slightly curvilinear over -75km distance and trends across the regional grain of the Hellenides.
This fault has alternately been interpreted as a thrust fault (DOrr, 1986; Shaked, 2000; Phillipon
et al., 2011), a transpressional strike-slip fault that was the locus of buoyancy-driven eduction of
blueschists (Xypolias et al., 2003; 2010), or a west-dipping low-angle normal fault
(Papanikolaou and Royden, 2007; Papanikolaou and Papanikolaou, 2008; Diamantopoulos et al.,
2009). The South Evia-North Attica Fault is sealed by Late Miocene sediments and truncated by
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Pliocene-Pleistocene normal faults in Attica (Papanikolaou and Papanikolaou, 2008), and is
poorly exposed except at a few localities in Evia, where it exhibits a steep northwestward dip of
~75-80' and is associated with subvertical breccia and gouge zones between 1 m and 50 m wide.
2.4 The Kymi-Aliveri basin
The Kymi-Aliveri basin exposes up to 1.5 km of Early to Middle Miocene terrestrial
sedimentary rocks interbedded with and intruded by felsic volcanics (Bradley et al., in prep.).
The sedimentary sequence consists of three unconformity-bounded groups characterized by
different sedimentary facies and clast provenances. The Prinias Group consists of up to 750 m of
lacustrine marls, silts, and sands that interfinger laterally with conglomerates in alluvial fan and
fan delta facies. The Prinias Group sediments coarsen eastward, and were derived from erosion
of the Servouni Unit. The Mantzari Group consists of lacustrine, alluvial fan delta, and fluvial
sediments that were deposited onto the Prinias Group with local angular unconformity. These
rocks were derived from erosion of a presently unexposed, low-grade metamorphic terrane
situated to the east of the Kymi-Aliveri basin. The Koustoumalou Group consists of distal to
proximal alluvial fan conglomerates representing an alluvial fan complex that prograded across
the South Evia-North Attica Fault into the Kymi-Aliveri basin starting prior to -13.5 Ma,
constrained by U/Pb zircon dating of an interbedded pyroclastic ejecta deposit (Bradley et al.,
2012). The Prinias, Mantzari, and lower Koustoumalou Groups were intruded by the ~14.0 Ma
Oxylithos volcanic complex. The Kymi-Aliveri basin is therefore one of the largest, oldest, and
most structurally complex sedimentary basins exposed in Central Greece.
3. The record of crustal extension in Central Evia
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3.1 The Octonia Detachment and the Pounta Unit
A previously undescribed low-angle fault is exposed only over a small area along the
coastline east of Octonii (Figure 2, locality 4). The footwall of this fault, termed the Pounta Unit,
consists primarily of nearly pure calcite marbles with volumetrically minor quartz, plagioclase,
and graphite. Discontinuous, plurimetric intercalations of fine-grained muscovite schist, phyllite,
and fine-grained metabasite occur locally. The exposed structural thickness of the Pounta Unit is
<400m. Remnants of bedding are locally evident as meter-scale dark-light banding, cherty
stringers, and dolomitic layers. These dolomitic bands occasionally preserve a foliation that is
discordant with the later, penetrative foliation, indicating that an early uncharacterized
deformation event has been almost completely overprinted. The marbles typically bear a
NE/SW-directed, gently plunging lineation that lies in the plane of a variably-developed
schistosity and parallels the hinge lines of isoclinal to open, mostly upright folds that lack axial-
planar fabrics (Figures 6B,C; 8E). In most outcrops this lineation is an intersection lineation;
however, it can locally be shown to also be a stretching lineation, consistent with the common
occurrence of boudinaged dolomitic layers with boudin axes that lie approximately perpendicular
to the lineation trend (Figure 6A). The ductile sense of shear recorded at outcrop scale is
inconsistent, varying locally from top-to-the-NE to top-to-the-SW. The Pounta marbles are
affected by NW-SE striking, en echelon, calcite-filled tension fractures and lineation-
perpendicular joints (Figures 6A,D). Late-stage, small-offset normal-sense shear zones and
discrete faults with iron-stained surfaces also indicate NE-SW directed stretching under semi-
brittle conditions (Figure 8E).
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The marbles and schists of the Pounta Unit are separated from distended rocks of the
Servouni Unit and Kymi-Aliveri basin by the Octonii Detachment (Figure 7). This fault dips
~15' westward (Figure 8), except where it is strongly folded and attains steep northwestward dip
within 500m of the South Evia-North Attica Fault, against which it is truncated (Figure 2,
locality 5). The immediate hanging wall of the Octonii Fault consists of a 0-20m thick shear
zone containing fragmented blocks of the Servouni and Liri-Mistros Units. This shear zone
locally exhibits strongly-developed brittle S/C' fabrics with top-to-the-SW kinematics (Figure
8C). Where the fault juxtaposes hanging wall and footwall carbonates, ~1-10m thick carbonate
gouge zones are developed (Figure 8C). Calcite mineral lineations, frictional-slip striae, and
microbreccia streaks on the low-angle fault surface are oriented SW/NE. Small-offset, synthetic
normal faults on the fault surface indicate transport of the hanging wall toward the southwest
(Figure 8D). The hanging wall rocks are affected by SW-dipping normal faults with dip-slip
kinematics, some of which attain shallow dip (~30') near the detachment surface (Figure 8B).
These structures are dominantly synthetic to the top-to-the-SW sense of displacement recorded
on the main low-angle fault surface. Within -30 meters of the fault surface, the marbles of the
Pounta Unit are affected by a strong cataclastic overprint that obscures the older ductile fabrics.
The Pounta Unit exhibits structural characteristics, including L-S tectonites and lineation-
parallel folds, that are absent from the thrust sheets of the Sub-Pelagonian zone but are
ubiquitous within the polymetamorphic rocks of the adjacent Attic-Cycladic Complex. We
tentatively correlate the NE-SW directed ductile stretching and upright folding to the D4
greenschist-facies deformation in the ACC (Xypolias et al., 2012), and the brittle faulting to the
D5 extension. However, the Pounta Marbles are lithologically distinct from the cipolines of the
Styra and Almyropotamos Units (Maluski et al., 1981), and we have identified no HP-LT
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minerals within the Pounta Unit. This suggests that the Pounta Unit represents a deep-seated part
of the Pelagonian zone (s.l.) that is most directly related to the scarce rocks preserved in the
hanging wall of the ACC detachments.
The Octonii Detachment is exposed along the eastern margin of the Kymi-Aliveri basin.
This basin developed between ~16.5 Ma and -13 Ma, and is separable into three unconformity-
bounded sequences characterized by different sedimentary facies and clast provenances (Bradley
et al., in prep.). The Octonii Detachment truncates oligomictic conglomerates and thin lacustrine
sand-clay interbeds of the ~16.5-14 Ma Prinias and Mantzari Groups, but is nowhere in contact
with the debris flow conglomerates that comprise the <14 Ma Koustoumalou Group (Figure 7).
Where the Miocene conglomerates directly overlie the Octonii Detachment, they lose their
sedimentary textures and instead exhibit brittle grain-flow fabrics, anastamosing gouge zones,
and trains of broken clasts.
3.2 High-angle faults and the Kymi-Aliveri basin
The fault-bounded topographic escarpment that forms the western margin of the Kymi-
Aliveri basin is the largest continuous fault system in Central Evia. From north to south, this
fault system consists of the Skolos, Giannides, Koxi, and Raxi faults. The Skolos Fault (Figure
9A) delimits the western edge of the Kastrovalla valley (Figure 2, locality 6), where it dips
shallowly (~30') toward the northeast and exhibits down-dip normal-sense slip recorded by
frictional-slip striae, calcite mineral lineations, tension fractures, 10 cm-amplitude mullions, and
brittle S/C fabrics. The present-day vertical separation of Paleogene flysch in the footwall and
hanging wall blocks constrains the throw to be greater than 300 m. To the southeast, the fault
progressively changes strike to -N/S, dipping 45-50' eastward. Striations and mineral lineations
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on exposed surfaces of this segment of the fault plunge toward the NE, indicating a moderate
component of sinistral slip. The Kymi Fault parallels the Skolos Fault and defines a prominent
topographic break along the eastern side of the Enoria Mountains (Figure 2, locality 7). This
fault dips ~65-70' toward the northeast and exhibits dip-slip kinematics. The estimated throw to
the north of Kymi is -100 m based on the apparent offset of ophiolitic melange and a large
limestone olistolith within the Paleocene-Eocene flysch; this throw increases to the southeast,
attaining a maximum estimated value of -300 m. The Enoria Fault is exposed south of Kymi,
where it dips eastward, placing the Kymi Formation against Cretaceous carbonates. Shallowly-
plunging lineations on fault surfaces demonstrate a large component of sinistral-normal slip. This
fault is truncated by the Oxylithos subvolcanic dome to the south and the Kymi Fault to the
north; elongation of the volcanic center along the projected trend of the Enoria Fault suggests
that it directed magma to shallow depth (Kokkalas, 2001).
The Koxi Fault (Figure 9B) coincides with a prominent break in slope on the eastern side
of the Mavrovouni plateau (Figure 2, locality 9). This fault dips -60' eastward and exhibits
down-dip to sinistral-oblique kinematics. Hanging wall limestones within -20m of the fault
surface are strongly brecciated. A southward increase in throw is suggested by an increase in
apparent stratigraphic separation to the south. A minimum throw of -100 m on the Koxi Fault is
indicated by apparent offset of the sub-Cretaceous unconformity along the northeastern section
of the fault.
The Raxi Fault (Figure 9C) and associated splay faults crop out near Kremastos (Figure
2, locality 10), where they dip shallowly (~30') eastward and place Triassic-Jurassic carbonates
down onto the lowest formations of the Servouni Unit. Where the footwall consists of
sedimentary and volcanic rocks, >5 m thick fault gouges are developed along the fault. Where
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the footwall consists of Mesozoic carbonates, >10 m-wide crush zones are commonly developed.
The apparent offset on this fault system decreases southward. Although a direct connection has
not been mapped to date, the Raxi Fault set appears to be the southward continuation of the Koxi
Fault.
The Giannides Fault (Figure 9D) is the basin-bounding structure west of Dirrevmata
(Figure 2, locality 8), and is distinctive for having a steep to vertical dip. This structure was
previously interpreted as a nearly vertical reverse fault with a large dextral slip component
(Kokkalas, 2001). While we could find no reliable kinematic indicators on the Giannides Fault
surface, shallowly-plunging slickenlines decorating smaller offset, subvertical faults to the west
of the Giannides fault support a strike-slip component. However, this fault is intersected at
shallow depth by the southern segment of the basinward-dipping Skolos Fault, and Miocene
sedimentary rocks adjacent to the fault are affected by east-dipping mesoscale normal faults. The
Giannides Fault therefore appears to have undergone sinistral strike-slip motion accommodating
strain partitioning in the hanging wall of the oblique-normal Skolos Fault.
The topographic ridge forming the eastern edge of the Kymi-Aliveri basin is a structural
horst bounded by the Elata and Drosii normal faults. The Elata Fault (Figure 2, locality 14)
juxtaposes the west-dipping sediments of the Octonii Formation against east-dipping
conglomerates of the Aghios Loukas Formation. This poorly-exposed fault dips moderately
westward, with a geometry that is primarily constrained by interaction of its mapped surface
trace with topography. The Aghios Loukas Formation in the immediate vicinity of the Elata
Fault exhibits growth-strata geometry, with a progressive upward shallowing of bed dips near the
fault. The Orion pyroclastics are tilted an average of-15' toward the Elata fault. We interpret the
Elata fault as a listric normal fault that soles into the Octonia detachment at shallow depth and
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was active during deposition of the Aghios Loukas Formation. The Drosii Fault (Figure 2,
locality 4) is a well-exposed, northeast-dipping, slightly sinistral-oblique normal fault that
truncates the Pounta Unit and the Octonii Detachment and has a vertical throw of ~450m. This
fault appears to truncate the easternmost exposed portion of the South Evia-North Attica Fault.
The Mavropati Fault system consists of E/W-trending normal faults with dominantly dip-
slip offset, which are well expressed in the steep topography of the northern coast of central Evia
(Figure 2, locality 11). These faults truncate the Skolos and Koxi Faults and bound the
Stropones-Metochi structural windows (de Bono, 1998; Robertson, 2006). An uplifted wave-
formed coastline notch demonstrates significant Holocene uplift, probably reflecting slip on an
offshore normal fault (Stiros, 1992). While there is no direct age control on the initiation of this
fault system, the analagous extensional basins of the Northern and Southern Evoikos Gulfs and
the Gulf of Corinth originated in Late Pliocene-Pleistocene time (Stiros, 1992), and the marine
basins bordering Central Evia to the north contain only Pliocene and younger sediments (Mascle
and Martin, 1990).
3.3 Fault slip analysis
We measured the planar orientation and direction of slip of mesoscale faults affecting the
Sub-Pelagonian basement and Neogene sedimentary fill of the Kymi-Aliveri basin. We obtained
fault-slip data following the field procedures of Petit (1987) and Angelier (1994), with a total of
N=301 individual fault surfaces at N=20 localities. Each measurement in this analysis represents
the average orientation of a discrete, striated fault surface with an unambiguous sense of slip,
most commonly determined from observed stratigraphic displacements across faults. In a few
cases we determined slip sense solely from microstructural fabrics exposed on the fault surface.
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Recognizing the complexity and controversial status of paleostress/paleostrain analysis (Sperner
and Zweigel, 2010), we adopted a conservative approach to data analysis. We include all field
measurements made at each locality, defined as a continuous outcrop or a set of closely-spaced
outcrops occupying the same structural position and affected by faults of similar scale and total
offset. Where possible, we collected measurements from the middle of large faults in order to
avoid non-representative slip directions (Roberts and Ganas, 2000). We calculated kinematic
axes using the multiple slip method and the software program T-Tecto 3.0 (MSM; Zalohar and
Vrabec, 2008). This method utilizes the results of classical paleostress inversion and the
clustering of faults with similar orientation to generate statistical weights for the kinematic
analysis; the results of this analysis are presented in Table 1. For our relatively simple dataset,
the calculated kinematic directions are largely insensitive to the specific paleostress inversion
method and values of free parameters (varying the angle of internal friction from 200, the value
arbitrarily chosen for all analyses, to 0* typically resulted in a non-systematic change of <5-100
in the estimated azimuth of the direction of greatest elongation).
With the exception of the Mavropati Fault System, which shows a roughly N-S stretching
direction consistent with the kinematics of Pliocene-to-Recent normal faults in Central Greece
(Lemeille, 1977; Mettos, 1992), brittle faults in Central Evia record ENE-WSW extension with a
maximum horizontal elongation direction of 066 100 (Figure 10). The inferred kinematic axes
are generally consistent over the study area and agree with the results of previous studies that
inferred NE-SW directed extension (but of Miocene-Pliocene age) in Evia, Beotia, and Southern
Thessaly (Lemeille, 1977; Mettos, 1992; Kokkalas, 2001; Caputo and Pavlides, 1993), as well as
with the direction of slip measured on the Octonii Detachment (Figure 8B-D).
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3.4 Elongation-parallel folds
Large-scale folds with hingelines that parallel the regional stretching direction recorded
by brittle and ductile rock fabrics are well-developed in the ACC and the easternmost Sub-
Pelagonian Zone (Figure 11). Central Evia is structured by the Amarynthos Antiform and Aliveri
Synform (Figure 2), which affect the Gerontas, Liri-Mistros, and Servouni Units and have
amplitudes of >1km and half-wavelengths of -10km. In western Attica, Mount Parnitha is
structured as a large synform that appears to be the southern continuation of the Aliveri Synform
(Figure 12). This large-scale fold structure is accompanied by ubiquitous small-scale folds with
similar axial trends (Diamantopolis, 2009). These NE-SW trending folds occur only within
-30km of the western boundary of the ACC, with the dominant fold trends in western Beotia
being east-west to northwest-southeast.
The CBGU and Basal Unit are by elongation-parallel folds that are developed at all scales
over a broad region (Papanikolaou, 1978; Blake et al., 1981; Rodgers, 1984; Avigad et al., 2001;
Ziv, 2009; Philippon et al., 2011). The Basal Unit is primarily exposed in Attica within the cores
of two large-scale antiformal folds with hinge lines that trend parallel or sub-parallel to the
regional greenschist-facies (D4) stretching lineation (Lozios, 1994; Xypolias et al., 2010, 2102).
These antiforms have moderately- to steeply-dipping western limbs that expose the contact
between the Alepovouni schists (which belong the to the CBGU) and the underlying marbles of
the Basal Unit (Papanikolaou and Lozios, 2004). In Evia, the Achladeri antiform exposes the
marbles and metaflysch of the Basal Unit, and also exhibits a steep western limb and a gently-
dipping eastern limb (Shaked et al., 2000; Xypolias and Kokkalas, 2003). While this fold has
been interpreted as a hanging-wall antiform developed above the east-vergent, low-angle, ductile
34
Almyropotamos Thrust (Xypolias and Kokkalas, 2003), its scale and geometry is inconsistent
with such an origin.
Folds with hinge lines that trend parallel to a regional ductile stretching direction are
commonly developed in the ductile footwalls of metamorphic core complexes roofed by
extensional detachment faults (Malavielle, 1987; Avigad, 2001). These terranes are also typically
structured into large-scale, lineation-parallel, upright and generally open folds with large peak-
to-peak wavelengths (5-20km) and amplitudes (500m-2km), similar to the scale of the largest
folds that structure Central Evia and Attica. The elongation-parallel folds of the ACC have been
interpreted either as contractional features recording true crustal shortening orthogonal to the
regional extension direction (Avigad et al., 2001; Philippon et al., 2011), or as innate features of
the Miocene detachment system. The timing of folding in the ACC has been difficult to
constrain, as there is evidence for lineation-parallel folds developed in blueschist facies (Ziv et
al., 2009) as well as undulatory folds affecting Miocene detachment surfaces (Avigad et al.,
2001). An added complication is the doming related to intrusion of Miocene plutons on some
Cycladic islands (Kruckenberg et al., 2010).
Models for stretching-parallel folding of footwall rocks include passive rotation of pre-
existing structures into parallelism with the direction of maximum elongation during noncoaxial
or coaxial ductile deformation (Cobbold and Quinquis, 1980; Dietrich, 1989; Escher and
Watterson, 1974) and shortening perpendicular to the elongation and flattening directions in a
constrictional strain field (Fletcher and Bartley, 1995; Yin, 1991; Chauvet and Sdranne, 1994;
Mancktelow, 1992; Mancktelow and Pavlis, 1994; Holm et al., 1994; Hartz and Andresen, 1997;
Avigad et al., 2001; Levy et al., 2011; Singleton, 2012). Very few of the detachment systems
discussed by these authors expose well-developed upper-plate folds. The western margin of the
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Attic-Cycladic complex therefore provides an opportunity for understanding the development of
extension-parallel folds in both the upper and lower plates.
The timing of folding in the Sub-Pelagonian Zone can be inferred from the Neogene
stratigraphic record. The Early to Middle Miocene Kymi Formation of the Kymi-Aliveri basin
does not record a westerly source of coarse sediment, implying that the modem topographic
relief along the western basin margin entirely postdates lacustrine sedimentation (Bradley et al.,
in prep.). Along this margin, the originally flat-lying lacustrine marls of the Kymi Formation are
tilted up to 400 basinward, mimicking the form of the western limb of the Aliveri synform. These
tilted beds are unconformably overlain by subhorizontal conglomerates of the <14 Ma Aghios
Loukas Formation near Kremastos (Figure 2, locality 12). The southern and eastern margins of
the Kymi-Aliveri basin expose steeply- to moderately-tilted, basinward-dipping conglomerates
of the undated but probably Early Miocene Latas Formation and the Kymi Formation, which are
also unconformably overlain by subhorizontal conglomerates of the Middle Miocene Eleon and
Aghios Loukas Formations. The Aliveri synform therefore postdates or coincides with deposition
of the Kymi Formation but predates progradation of the Aghios Loukas Formation into the basin
around 14 Ma (Bradley et al., in prep.). The main period of folding and development of
topographic relief therefore occurred between -15 and ~-13 Ma, coincident with the emplacement
of plutons and dykes in the ACC and the development of the North and West Cycladic
detachment systems (Jolivet et al., 2010; Graseman et al., 2012).
4. Discussion
4.1. The tectonic setting of the Kymi-Aliveri basin
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Xypolias and Kokkalas (2003) inferred a dextral sense of slip for the SE-NA Fault based
on the curvature of the axial traces of the Achladeri and Amarynthos antiforms, the inferred
transpressional setting of the Kymi-Aliveri basin, and analysis of three ductile shear zones that
cut the schists of the Styra Unit and appear to link with the SE-NA Fault. The topographic
escarpment defining the western side of the Kymi-Aliveri basin was previously interpreted as
reflecting the location of a high-angle, oblique thrust fault, termed the Kymi Thrust, which was
proposed to be active until at least Middle Miocene time and is the primary evidence for upper-
plate thrusting during the D4 deformation in the ACC (Kokkalas, 2001; Xypolias and Kokkalas,
2003; Ring, 2007). In contrast, we find that this escarpment is instead bounded by a segmented
normal fault system that accommodated overall ENE/WSW-oriented extension by partitioning
strain onto WNW-ESE oriented dip-slip normal faults and N-S oriented oblique-normal and
strike-slip faults. With the exception of a few scattered outcrops that are not representative of the
larger tectonic setting (Lemeille, 1977; Kokkalas, 2001), we found no evidence for Miocene
thrusting in Central Evia. Beginning with Deprat (1904), the Amarynthos antiform has been
incorrectly drawn with the carbonates of the Gerontas and Servouni mountains comprising the
western and eastern fold limbs, with the fold hingeline lying within the Liri-Mistros Unit
(Deprat, 1904; Guernet, 1979; Katsikatsos, 1999; Xypolias and Kokkalas, 2003; Robertson,
2006). However, mapping by de Bono (1998) demonstrated that the Gerontas Unit forms the
core of the Amarynthos Antiform (Figure 2). The trend of the Amarynthos Antiform hingeline
therefore parallels the South Evia-North Attica Fault, in contrast with the map of Xypolias and
Kokkalas (2003), and cannot be used to infer a sense of slip even if the fault is transpressional.
We instead interpret the Kymi-Aliveri basin as a supradetachment basin that developed
during exhumation of the Pounta Unit from beneath the Octoniai Detachment.
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Magnetostratigraphic and geochronometric dating constrains the basin development to -16.5-13
Ma (Bradley et al., in prep.), well after the regional greenschist-facies overprint recorded in ACC
but contemporaneous with the main period of detachment faulting and pluton emplacement
(Philippon et al., 2011). Formation of accommodation space occurred in part by fault-related
subsidence, but was dominated by the growth of the Aliveri-Amarynthos fold pair.
The similar scale and geometry of upper-plate and lower-plate folds in Central Greece
and the regional consistency of horizontal maximum elongation directions (Figure 13) indicates
that these structures developed contemporaneously. The along-trend length of the shallowly-
plunging folds in the Sub-Pelagonian Zone (>75 km) without significant changes in exposed
structural level indicates that they cannot have formed above an undulatory Octonii Detachment.
The high-angle South Evia-North Attica Fault is localized along the line of minimum
flexure between the Aliveri Synform and the Achladeri Antiform. This style of faulting has been
predicted by models of fold development during extension of an elastic upper plate overlying a
viscous lower plate (Levy et al., 2011). We suggest that the South Evia-North Attica Fault
developed as a response to overtightening of a crustal-scale fold pair, and then acted as an
extensional transfer fault accommodating ongoing exhumation of the ACC after - 13 Ma.
4.2 The western Aegean detachment system
The Octonii Detachment lies along the northward projection of the North Cycladic
Detachment System (NCDS), which is exposed on the islands of Andros and Tinos (Mehl et al.,
2007; Jolivet et al., 2010). However, the westward vergence of this fault is inconsistent with it
being the continuation of the eastward-vergent NCDS. Top-to-the-south greenschist-facies to
brittle kinematics associated with southward-dipping detachment faults have been reported from
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the southern margin of the ACC in Attica (Gautier and Brun, 1994; Walcott and White, 1998;
Xypolias et al., 2010), Kea (Iglseder, 2011; Graseman et al., 2012), Kithnos (Schneider, 2009;
Graseman et al., 2012), Serifos (Brichau et al., 2008; Graseman et al., 2012), and Sifnos
(Neubauer, 2005; Weil et al., 2009). This fault system is termed the West Cycladic Detachment
System, and is constrained to have been active Middle Miocene time by radiometric dating of
metamorphic tectonites and crystallization and cooling ages of syn- to post-kinematic plutons
and associated dyke swarms (Graseman et al., 2012 and references therein). Based on the
structural and temporal similarities, we propose that the Octonii Detachment is the shallow-
level, northward continuation of the West Cycladic Detachment System.
Papanikolaou and Lozios (2004) described a west-dipping fault contact exhibiting top-to-
the-W brittle kinematics between the non-metamorphic Athens Schists and the Alepovouni Unit
of the CBGU along the western flank of Mt. Ymmitos. The surface trace of this fault trends
toward ~020', forming an oblique angle with the regional D4 stretching direction in the ACC
(Xypolias et al., 2012). If the steeply-dipping South Evia-North Attica Fault in Attica was
kinematically linked to a west-to-southwest dipping detachment system, then the sense of slip on
the high-angle fault should be sinistral and not dextral. The apparent lateral offset and
juxtaposition of shallow and deep structural levels across South Evia-North Attica Fault could
have resulted from a component of south-side-up displacement, which would have resulted in
relative uplift of the footwall and an apparent right-lateral offset of a shallowly westward-
dipping (~ 150) detachment fault by a factor of 3-5 times the vertical throw. This same regional
uplift would have displaced the northeast-dipping NCDS toward the northeast, into its current
inferred location in the Aegean Sea between Andros and Skyros (Figure 1).
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The Strymon Valley Detachment is a major southwest-vergent low-angle normal fault
exposed in northern Greece that is exposed along-strike for >150km (Dinter, 1993, 1998;
Wawrzenitz et al., 1994; Wawrzenitz and Krohe, 1998). While the total offset on this fault
appears to increase southward (Dinter and Royden, 1993; Dinter, 1998), the structure is
submerged and has no obvious continuation southwest of Thassos (Brun and Soukoutis, 2007).
As in the Attic-Cycladic Complex, the Rhodope metamorphic complex preserves a complex
record of prograde Cretaceous to Eocene-age metamorphism and subsequent retrogression and
unroofing (Wawrzenitz and Krohe, 1998); however, the age of the late-stage detachment fault is
best constrained by deposition on the upper plate of Middle Miocene sediments in the Stryma
valley (Dinter, 1993, 1998), Early to Middle Miocene (17.8-13.8 Ma) biotite 4 0Ar/3 9Ar cooling
ages from the Symvolon pluton (Dinter and Royden, 1993; Harre et al., 1968; Kokkinakis,
1980), and Middle Miocene (~13 Ma) 87Rb/86Sr ages of footwall mylonites on Thassos
(Wawrzenitz and Krohe, 1998). Paleomagnetic results from Central Greece require clockwise
rotation of Evia, Attica, and the western Cyclades by 250 since Middle Pliocene time. While this
proposed fault is not presently exposed between Evia and Kavala, paleomagnetic restoration of
the deformation in the northern Aegean region to -4 Ma brings the Octonii and Strymon Valley
detachments into closer alignment (Bradley et al., submitted). This proposed western Aegean
detachment system had a lateral extent of >700 km and cut across the older tectonic boundaries
separating the Pelagonian, Vardar-Axios, Serbomacedonian, and western Rhodope zones
between Evia and Kavala.
5. Conclusions
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Central Evia exposes the preserved upper plate of a west-dipping brittle detachment
system, which is the high-level equivalent of the semi-ductile to brittle detachment faults of a
greater west-dipping detachment system that reached from the Strymon Valley to the Cyclades.
The kinematics of Middle Miocene faulting in Central Evia are identical those of semi-brittle,
normal-sense shear zones developed in the metamorphic rocks of South Evia (Xypolias and
Kokkalas, 2003; Ring et al., 2007; Xypolias et al., 2012) and Andros (Mehl et al., 2007),
indicating that Early to Middle Miocene extension affected both the Sub-Pelagonian Zone and
the Attic-Cycladic Complex. The sedimentation and progressive deformation of the Kymi-
Aliveri supradetachment basin occurred in the context of large-scale, extension-parallel folding
along the western margin of the Attic-Cycladic Complex. The final stages of ductile deformation
in the ACC coincided with fold amplification starting around 17 Ma, with semi-ductile
constrictional strain in the lower plate (ACC) being directly coupled to brittle constrictional
strain and development of large-scale, stretching-parallel folds in the upper plate (Sub-
Pelagonian Zone). The upper plate was fortuitously preserved in Central Evia by nucleation of
the South Evia-North Attica Fault parallel to the axes of large-scale, elongation-parallel folds.
This fault acted as an extensional transfer fault accommodating bi-vergent extensional
exhumation of the ACC after cessation of deformation in Central Evia.
In most two-dimensional conceptual models of extensional metamorphic core complex
formation, the upper plate is fragmented and thinned by arrays of normal faults that strike
orthogonally to the extension direction (Spencer and Reynolds, 1991). In these models, syn-
tectonic sedimentary basins develop as graben or half-graben on top of fault blocks that are
progressively back-tilted during ongoing extension. In contrast, the primary deformation of the
upper plate during detachment faulting in Central Evia was stretching-parallel folding, with
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terrestrial sedimentary basins forming within the cores of progressively-tightening synformal
folds. This suggests that the steeply-dipping, unconformity-bounded sedimentary successions
commonly exposed at the base of fragmented supradetachment basins (e.g. Purvis and
Robertson, 2005) could reflect regional folding rather than listric normal faulting processes.
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Figure Captions
Figure 1. A) Geological context of the Aegean Sea region. B) Generalized geological map of
Attica and Evia. Structure of the Attic-Cycladic Complex and greenschist-facies shear sense are
generalized from Papanikolaou (1978); Avigad et al. (2001), Mehl et al. (2007), Ziv et al. (2009),
Xypolias et al. (2010), Igleseder et al. (2011), and Photiades et al. (2001, 2006).
Figure 2. Geological map of Central Evia, generalized from new field mapping and the
published maps of de Bono (1998) and Katsikatsos (1999) and colored by tectonostratigraphic
unit. Circled numbers: localities referred to in text. Stars indicate villages, triangles indicate
major peaks.
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Figure 3. A) Simplified tectonostratigraphy of the Sub-Pelagonian Zone in Central Evia, not to
scale, based primarily on the work of de Bono (1998), Robertson (2006), and new field
observations. J-K: Late Jurassic-Upper Cretaceous thrust faults. E: Eocene thrust faults. Units are
colored as in Figure 2. B) Schematic stratigraphic column for the Early to Middle Miocene
Kymi-Aliveri basin. U/Pb zircon ages are taken from Bradley et al. (in prep.).
Figure 4. Features of the Liri-Mistros Unit and Stropones Marble supporting correlation of the
marbles with the Gerontas Unit. A) Serpentinites exhibiting top-to-the-north asymmetric shear
bands at the base of the Liri-Mistros Unit near Stropones B) Semi-brittle fabrics indicating top-
to-the-north sense of slip at the base of the Liri-Mistros Unit near Stropones.
Figure 5. Field evidence for extensional reactivation of thrust faults in Central Evia. A) Thick
brittle gouge zone developed along the contact between the Liri Unit and the Stropones
Limestones near Metochi. Inset shows detail of powdery carbonate gouge zone. B) East-dipping
normal fault localized along the Liri-Servouni contact east of Theologos. Inset shows detail of
S/C' fabrics indicating normal-sense slip. C) West-dipping low-angle normal fault separating the
Dirfys Unit from the underlying Gerontas Unit north of Manikea. D) Top-to-the-east extensional
fabrics affecting volcaniclastic sediments of the Servouni Unit south of Manikea.
Figure 6. Field photographs of the Pounta Unit, showing characteristic rock fabrics in an X-Y-Z
coordinate frame. A) Asymmetric boudinage of dolomitic layer and calcite-filled fractures. B)
Stretching lineation. C) Ductile folds lacking axial-planar fabrics, with hinges that parallel the
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stretching lineation. D) Large cylindrical folds in marble exhibiting prominent lineation-
perpendicular fracture set. E) Schematic fold showin reference frame used in all pictures.
Figure 7. Geological map and cross sections of the Octonii' region. Location of map is given in
Figure 2. Rectangular ticks are on hanging wall of high-angle normal faults.
Figure 8. Features of the Octonii Detachment. Panoramic photo is looking north from the
Octonii Detachment at 38'30'N, 24011'E; the Pounta Unit is tinted pink and the trace of the
Octonii Detachment is indicated by the thin black line. The block diagram indicates the major
textural features of the hanging wall, fault zone, and footwall rocks. The location of rock fabric
measurements are given by the circled letters. A) Bedding poles in the Octonii Formation
defining an extension-parallel fold axis. B) Small-offset normal faults in Servouni Unit
limestons. C) S/C' fabrics affecting intensely deformed clastic rocks within the brittle fault zone.
Poles to S planes are not shown. D) Calcite mineral lineations on the striated detachment surface.
E) Small-offset, iron-stained normal faults in the footwall marbles. F) Stretching lineations (dots;
inset at lower left) and fold axes (stars) in the Pounta Unit marbles.
Figure 9. Field photographs of normal faults in Central Evia. A) The northeast-dipping Skolos
low-angle normal fault, which places Paleocene flysch and Miocene sediments in the hanging
wall down onto Triassic limestones of the Servouni Unit. B) The east-dipping Koxi Fault. C) The
east-dipping Raxi Fault, showing brecciated Triassic limestones of the Servouni Unit overlying a
6 m-thick gouge zone developed in Permo-Triassic volcaniclastic rocks. D) The subvertical
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Giannides and east-dipping Skolos Faults defining the western topographic escarpment of the
Kymi-Aliveri basin.
Figure 10. Map showing the results of fault slip analysis on a site-per-site basis (letters refer to
sites given in Table 1) and as a complete dataset (stereonet at center of figure showing P and T
kinematic axes for all fault surfaces). The principal strain directions calculated using the MSM
method and freely available software of Zalohar and Vrabec (2007) are indicated by red
(maximum shortening), green (intermediate), and yellow (maximum elongation) squares.
Figure 11. Distribution of large-scale folds in the Sub-Pelagonian Zone and the western ACC.
Folds in the Sub-Pelegonian Zone are identified in this study, while folds in the ACC are taken
from Gautier and Brun (1994), Avigad et al. (2001), Ziv et al. (2009), Philippon et al. (2011),
and Xypolias et al. (2010, 2012).
Figure 12. Large-scale fold geometries in western Attica, characterized by stereoplots of poles to
A) bedding in the Sub-Pelagonian Zone or B) foliation in the Attic-Cycladic Complex, taken
from published geological maps (Katsavrias and Latsioudas, 2003; Katsikatsos, 1986, 2002).
C,D) Small scale fold axes measured by Diamantopolis (2009) in the C) Cretaceous-Eocene and
D) Triassic-Jurassic rocks of the Sub-Pelagonian Zone of Mt. Parnitha.
Figure 13. Comparison of brittle and ductile rock fabrics in Evia and Attica. Large-scale fold
geometries are constrained by bedding orientation (B) and foliation orientation (F); the
orientation of well-defined limbs are indicated by Fisher confidence ellipses. Greenschist-facies
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stretching lineations (L) are compiled from the literature and from our own measurements in the
Pounta Unit. Large white arrows indicate the direction of maximum shortening while black
arrows indicate the direction of maximum elongation.
Table captions
Table 1. Paleostress and kinematic axes determined by the Gauss and MSM methods from
populations of striated fault surfaces, assuming an angle of friction of 20'. Site ID corresponds
to lettered stereonets in Figure 10. Na: number of accepted faults; Nr: number of rejected faults;
6 l-3,A: azimuth of paleostress axes 1-3; 61-3,1: inclination of paleostress axes 1-3; 71.3: eigenvalues
of paleostress axes; E1-3,A: azimuth of MSM kinematic axes 1-3; E1.3,1: inclination of MSM
kinematic axes 1-3; G1.3: eigenvalues of MSM kinematic axes 1-3; AZs: azimuth of MSM
direction of greatest shortening; AZe: azimuth of MSM direction of greatest elongation.
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Table 1. Fault kinematics parameters derived from the multiple-slip method
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Chapter 2.
The stratigraphic record of Early to Middle Miocene Aegean extension from the Kymi-
Aliveri basin, Evia, Greece
Kyle Bradley, Robert Buchwaldt, Leigh Royden, and B. Clark Burchfiel
Abstract
The Early to Middle Miocene Kymi-Aliveri basin of central Evia Island developed in a
supra-detachment position during exhumation of the adjacent metamorphic core complexes of
the Attic-Cycladic Complex in the central Aegean Sea region, and therefore provides a unique
record of unroofing of this classic extensional terrane. We document three unconformity-
bounded sedimentary groups, each of which is associated with a distinctive clast provenance
recording exposure of progressively higher-grade metamorphic rocks during basin development.
We date the basin fill to late Early Miocene-Middle Miocene time (~17-13 Ma) using a
combination of U/Pb CA-ID-TIMS on single zircon grains from interbedded and shallowly-
intrusive volcanics and detailed magnetostratigraphy of the lower lacustrine sequence. In contrast
with interpretations of Oligocene initiation of crustal extension in the central Aegean, our results
indicate that folding and fragmentation of the upper plate and associated basin formation started
at -17 Ma.
1. Introduction and geological background
The metamorphic core complexes of the Attic-Cycladic Complex (ACC) of the central
Aegean region (Figure 1) are considered type localities for large-magnitude extension of
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continental crust associated with exhumation of a lower plate of deep-seated metamorphic rocks
from beneath a non-metamorphic upper plate by the action of large, low-angle normal faults
(hereafter termed "detachments") (Lister, 1984, Avigad and Garfunkel, 1989, 1991; Gautier and
Brun, 1994). These exhumed terranes figure prominently in tectonic and geodynamic models of
this area, and are commonly interpreted as the manifestation of back-arc extension driven by
rollback of the African lithospheric slab with respect to the Eurasian plate (Jolivet and Faccenna,
2000; van Hinsbergen et al., 2005; Papanikolaou and Royden, 2007; Royden and Papanikolaou,
2011; Ring et al., 2010; Jolivet and Brun, 2010).
The ACC is typically subdivided into three structural units: the Basal Unit, which in Evia
consists of a thick sequence of marbles and phyllites that originated as Middle Triassic through
Late Eocene platform carbonates depositionally overlain by undated olistostromal flysch (Dubois
and Bignot, 1979; Katsikatsos et al., 1986; Katsikatsos and Kollmann, 1987; Shaked, 2000), the
Cycladic Blueschist-Greenschist Unit, which consists of polydeformed marbles, schists,
quartzites, metabasites, and serpentinites that locally preserve well-developed blueschist
parageneses of Eocene age but are dominantly retrogressed in greenschist facies (Marinos and
Petrascheck, 1956; Altherr et al., 1982; Papanikolaou, 1984; Avigad and Garfunkel, 1989;
Avigad et al., 1997; Shaked et al., 2000; Ring et al., 2007; Xypolias and Kokkalas, 2003), and
the Upper Unit, which consists of lithologically heterogeneous nonmetamorphic and
metamorphic rocks unaffected by Eocene or later metamorphism but exhibiting evidence for an
Upper Cretaceous high-temperature metamorphic event (Maluski et al., 1987; Avigad and
Garfunkel, 1991; Katzir et al., 2000; Photiades and Carras, 2001; Trotet et al., 2001; Photiades
and Saccani, 2006; Mehl et al., 2007; Iglseder et al., 2011). The Upper Unit is typically
correlated with the Pelagonian Zone (s.l.) (Jacobshagen and Dirnsiepen, 1986), although an
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alternative correlation of Upper Unit on Andros, Tinos, and Mykonos with the ophiolite-bearing
nappes of the Vardar-Axios Zone has also been proposed (Jolivet et al., 2010).
The timing of crustal extension in the ACC has been inferred from 40Ar/39Ar or 87Rb/86Sr
cooling or recrystallization ages of greenschist-facies tectonites (Gautier e al., 1999; Br6cker and
Franz, 1998; Parra et al., 2002; Ring and Layer, 2003; Br6cker et al., 2004; Ring et al., 2007),
low-temperature cooling ages from fission track and U-Th-He measurements on apatite and
zircon (Hejl et al., 2002, 2008; Brichau, 2006, 2008; Ring et al., 2010), and the presence or
absence of extensional fabrics in shallowly-emplaced granitoid intrusions and dykes (Avigad et
al., 2001; Skarpelis et al., 2008). However, the inference of Oligocene extension based on
greenschist-facies ages is complicated by incomplete resetting of isotopic systems in these rocks
and inheritance of older ages from the original prograde metamorphism (Br6cker et al., 2004;
Br6cker and Franz, 2007). There are therefore a variety of opinions on the origination age and
longevity of extensional detachment faults in the Cyclades. Some authors envision an onset of
whole-crustal extension -35 Ma (Lister, 1984; Jolivet and Faccenna, 2000; Jolivet et al., 2010),
while others place the onset of extension at -25-22 Ma (Gautier et al., 1999; Forster and Lister,
2009). The brittle to semi-brittle detachments presently exposed in the western ACC appear to be
dominantly of Middle to Late Miocene age (Avigad et al. 1997; Keay et al. 2001; Kumerics et al.
2005; Brichau et al. 2006, 2008; Ring et al., 2007; Jolivet et al., 2010; IgIseder et al., 2011;
Grasemann et al., 2012).
Sedimentary basins that develop above active low-angle normal faults provide direct
records of the timing and kinematics of extension. Although supradetachment basins have been
studied in western Anatolia (Bozkurt, 2003; Purvis, 2005; Kaya, 2007; Oner and Dilek, 2011),
Thrace (Dinter and Royden, 1993; Brun and Soukoutis, 2007), and Crete (ten Veen and Postma,
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1999; Seidel et al., 2007; van Hinsbergen and Meulenkamp, 2006; Zachariasse et al., 2011),
remnants of syn-tectonic sedimentary basins in the upper plate of the ACC are small, isolated,
and poorly preserved (Roesler, 1978; Lisker, 1993). Early Miocene marine marls, sandstones,
and fine-grained conglomerates unconformably or disconformably overlain by Late Miocene
coarse terrestrial conglomerates are preserved on Paros and Mykonos (Angelier et al., 1978;
Dermitzakis and Papanikolaou, 1980; Sanchez-Gomez et al., 2002). On Naxos, a thin (<200m)
sequence of terrestrial conglomerates lacking footwall-derived clasts is of possible Early to
Middle Miocene age, but is dated only by unreliable lacustrine malacofauna (B6ger, 1983;
Kuhlemann, 2004). On Samos, the Miocene section is Tortonian and younger, excluding an
undated basal conglomerate (Ring et al., 1999). Final unroofing of the ACC in Late Miocene
time is recorded by influx of footwall-derived detritus into a the poorly-dated conglomeratic
basins on Paros and Mykonos (Sanchez-Gomez, 2002). Although the Early Miocene marine
sediments have been interpreted as a record of crustal thinning by extension (Gautier and Brun,
1994; Avigad et al., 2001), their facies are not diagnostic of a particular tectonic setting and their
structural significance remains unclear.
Therefore, while the history of metamorphism, deformation, and cooling associated with
exhumation of footwall rocks to upper-crustal depth in ductile to semi-ductile conditions is
particularly well studied in this region (e.g. Katsikatsos et al., 1976; Papanikolaou, 1978; Dtirr et
al., 1978; Bavay et al., 1980; Maluski et al., 1981, 1987; Xypolias and Kokkalas, 2003; Ring et
al., 2007; Xypolias et al., 2010, 2012), the equivalent record of upper plate deformation,
subsidence, volcanism, and sedimentation remains largely unknown. Identification of preserved
remnants of upper-plate basins could therefore constrain the timing of initiation of crustal
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extension along low-angle normal faults and allow independent testing of tectonic models
constructed from observations of the lower plate.
A west-dipping brittle low-angle normal fault, termed the Octonii Detachment, was
recently described in eastern Central Evia, demonstrating that the high-level thrust sheets of the
Sub-Pelagonian Zone are underlain by metamorphic rocks that bear structural fabrics similar to
the higher-grade rocks of the ACC (Chapter 2). This region therefore fortuitously preserves the
non-metamorphic upper plate of the western Attic-Cycladic Complex, including a well-
developed Early to Middle Miocene sedimentary basin. In this paper, we place new constraints
on the timing and style of upper-plate extension within the ACC using the stratigraphic record
from the Kymi-Aliveri supradetachment basin.
2. The Kymi-Aliveri basin
The Kymi-Aliveri basin occupies a ~20-km long, approximately north-south trending
topographic depression bounded to the west by the Servouni-Mavrovouni mountain chain, to the
northeast by the Aegean Sea, and to the southeast by the South Evia-North Attica Fault (Figure
2). The basin is traversed by two ephemeral rivers that drain eastern Central Evia and northern
South Evia and reach the sea at the villages of Stomio and Mourteri. The western, southern, and
eastern margins of the basin are fault-delimited, while the northern margin exposes the backtilted
Early Miocene basal unconformity.
The Octonii detachment fault is a low-angle normal fault that crops out along the eastern
margin of the Kymi-Aliveri basin, where it dips westward beneath and locally truncates the
Miocene basin sequence. This structure has the characteristics of a typical brittle detachment
fault, including a footwall consisting of lineated metamorphic rocks, a highly distended hanging
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wall, and an intervening brittle fault zone exhibiting normal-sense kinematics. Kinematic axes
estimated from brittle fault populations in the hanging wall and ductile fabrics in the footwall are
consistent with NE-SW directed extension (Chapter 2) that parallels the maximum elongation
direction observed in lineated metamorphic rocks and brittle normal-sense shear zones in South
Evia (Xypolias and Kokkalas, 2003; Ring, 2007; Xypolias et al., 2010; 2012).
The Kymi-Aliveri basin is bounded to the southeast by the South Evia-North Attica Fault
(Papanikolaou and Royden, 2007; Xypolias and Kokkalas, 2003). This high-angle fault is
sublinear for >60km, trends against the dominant structural grain of the Hellenides, and truncates
the Octonii detachment. While various models have been posited for the nature of this structure,
we interpret it as an extensional transfer fault that accommodated the final unroofing of the
Attic-Cycladic Complex after cessation of extension in Central Evia and the Kymi-Aliveri basin
(Chapter 2).
3. Descriptive stratigraphy
In order to elucidate the tectonic setting of the Kymi-Aliveri basin during its
development, we conducted detailed (1:5000) mapping of facies variations supported by logging
of representative stratigraphic sections. We identified three general facies associations,
representing alluvial-fluvial, lacustrine, and subaerial to subaqueous lacustrine fan delta
environments. For the sake of brevity, we present our observations without detailed discussion of
individual sedimentary facies. Comprehensive treatments of the origin and importance of the
specific sedimentary facies that comprise these facies associations can be found in Miall (1978,
1996), Lowe (1982), Smith (1986), Waresback and Turbeville (1990), Gierlowski Kordesch et
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al. (1991), Horton and Schmitt (1996), Benvenuti (2003), Link (2003), and Beraldi-campesi et al.
(2006).
We assessed sediment provenance through cobble counts supported by petrography of
representative clasts. We identify three distinctive clast provenances, which we term "Sub-
Pelagonian", "Pelagonian", and "Cycladic" (Figure 3). The Sub-Pelagonian provenance consists
primarily of non-metamorphosed sedimentary and volcanic rocks derived from the primarily
non-metamorphic basement directly underlying the basin's basal unconformity. Dominant
lithologies include Middle to Late Triassic felsic to mafic volcanics, Late Triassic to Middle
Jurassic platform carbonates, Upper Cretaceous neritic limestones, and Paleocene flysch (de
Bono, 1998). The visually distinctive Pelagonian provenance consists of greenschist facies
metamorphic rocks, including lineated and isoclinally folded blue, white, or pink calcite marble,
often with dolomitic bands, strongly foliated to mylonitized metabasites and serpentinites, rare
metabauxite, featureless fine-grained orange dolostone, purple to gray phyllite, weakly foliated
granodiorite and granite, and arkosic sandstone. The Pelagonian provenance has notably low
abundance of vein quartz and bears strong similarities to sediments preserved in
supradetachment basins in the western Cyclades that were derived from the Upper Unit of the
Cyclades and are inferred to originate from the Pelagonian Zone (Sanchez-Gomez et al., 2002).
The Cycladic provenance consists of variegated medium- to low-grade metamorphic rocks,
generally of greenschist facies but occasionally preserving blueschist facies paragenesis (Katzir
et al., 2000), which exhibit well-developed L-S fabrics and a common stretching or mineral
lineation that parallels the axes of minor folds. Typical lithologies include golden-brown phyllite
and schist, coarse-grained, isoclinally folded dark blue marble, and fissile white quartzite. Vein
quartz is abundant, as are schist-mantled quartz clots. With few exceptions, conglomerates
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containing Cycladic clasts do not contain the other two provenances, indicating nearly complete
transitioning between source terranes over a short timespan. In contrast, conglomerates
containing the Pelagonian provenance often have a large component of Sub-Pelagonian clasts.
Based on exposures in the southern part of the basin, Riegel et al. (1989) separated the
sedimentary sequence into two named groups, the primarily lacustrine Prinias Group and the
unconformably overlying conglomeratic Koustoumalou Group, the lower part of which was
noted as having a Sub-Pelagonian or Pelagonian provenance. In fact, the Prinias Group is
overlain by two distinct conglomerate sequences that differ in both lithology and sedimentary
facies and are locally separated by an unconformity (Aronis, 1952; Guemet, 1971; Kokkalas,
2001; Riegel et al., 1989). The lower conglomerates interfinger with and gradationally overlie
the Kymi Formation in the northern part of the basin. While these beds were previously assigned
to the Koustoumalou Group (Riegel et al., 1989), we separate the conglomerates (termed the
Kalovoulo Formation) and their fine-grained lateral equivalents (termed the Avra Formation)
into the newly defined Mantzari Group. We retain the designation of the Koustoumalou Group
for the uppermost conglomerate sequence.
From bottom to top, the Kymi-Aliveri Basin consists of:
3.1 Prinias Group
The Prinias Group is best exposed along the northern and western edges of the modern
valley, where platy white marls contain a remarkably well-preserved Early Miocene flora that
attracted early scientific interest (Brongniart, 1861; de Saporta, 1867, 1873, 1874, 1880; Deprat,
1904; Fritel, 1921; Fuchs, 1876; Gaudry, 1860, 1862; Gorceix, 1874; Gorceix, 1873; Roemer,
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1870; Spratt, 1847; Spratt, 1857; Unger, 1867). Later geological work in the basin focused on the
southern basin margin, which exposes the economically important Aliveri lignite seam (Aronis,
1952; Benda et al., 1982; de Bruijn et al., 1980; Jacobs, 1988; Riegel et al., 1989). We divide the
Prinias Group into four mappable formations: the lower conglomeratic Latas and Dendra
Formations, and the lacustrine to alluvial Kymi and Octonii Formations.
3.1.1 Latas Formation
The Latas Formation is primarily exposed along the southern and western edges of the
Kymi-Aliveri basin, where it attains a thickness of >20m (Riegel et al., 1989) and consists of
distinctive oligomictic conglomerates sourced from the underlying Mesozoic platform
carbonates of the Servouni Unit. Clasts range from granule to cobble in size, are generally
angular, and are poorly sorted. Bedding is ambiguous, often defined only by parallel variations in
grain size or composition, and is paralleled by a pronounced stylolitic parting that truncates
carbonate clasts. While significant reworking is indicated by grain size restriction in some gravel
beds (Figure 4A,B), no cross stratification or channelization has been observed. An interlocking
clast fabric is locally developed due to minor dissolution of clasts along grain-grain contacts. In
contrast to the stratigraphically higher conglomerates (except for parts of the Octoniai
Formation), the Latas Formation is lithified by a carbonate cement.
The Latas Formation was previously suggested to be of alluvial origin (Riegel et al.,
1989); however, the large-scale parallel stratification suggests reworking by waves along an
energetic shoreline. The presence of Lower Miocene marine sediments within the western
Cycladic supradetachment basins (Angelier, 1978; Sanchez-Gomez et al., 2002) suggests a
possible origin for the Latas Formation as a coarse-grained, regressive marine shoreline
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sequence. The contact between the Latas Formation and the Kymi Formation is not exposed,
leaving open the possibility of an intervening unconformity.
3.1.2 Dendra Formation
The Dendra Formation is restricted to the northwestern exposures of the basin, and is best
developed within the Kastrovalla valley. There, it consists of a sequence of coarse-grained,
rounded-clast sand-clay matrix conglomerates interbedded with green plastic clays, reflecting a
braided stream facies. South of Kazarma, the Dendra Formation consists of limestone-rich
breccias and conglomerates representing small talus cones derived from local exposures of the
Cretaceous carbonate platform. Northeast of Kymi, the Dendra Formation is thin (<10m) and
consists of disorganized conglomerates containing angular boulders of Cretaceous limestone
within a mud-sand matrix, reflecting locally-sourced debris flows. These units were derived from
erosion of local topographic highs during the earliest stages basin formation. The Dendra
Formation is entirely sourced from the carbonates, flysch, and serpentinites of the immediately
underlying Servouni Unit. Although this unit clearly reflects development of local topography
and formation of accommodation space within the Kymi-Aliveri basin, there is no indication that
the normal and oblique-normal faults that currently delineate the basin margin existed at this
time.
3.1.3 Kymi Formation
The newly-defined Kymi Formation encompasses the dominantly fine-grained lacustrine
sediments that crop out along the margins of the modem Kymi-Aliveri valley, and is divided into
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three mappable members. Detailed stratigraphic sections prove a minimum thickness of 700m in
the northern part of the basin, in contrast with the ~200m thick sequence exposed near Aliveri.
The stratigraphically lowest Kazarma Member is up to 25m thick and consists of 1-20cm
massive, tabular, bioturbated white marls interbedded with green-gray siltstones and thin, green
clay matrix, lenticular, well-rounded pebble conglomerates (Figure 5A). Lignite fragments are
common within the clayey interbeds. In the Kastrovalla valley, this member grades upward into a
thin (<5m) lignite seam (Guernet and Sauvage, 1969). We correlate the Kazarma Member with
the Marmarenia Formation of Riegel et al. (1989) and the "first lignite formation" of Kotis (2002
in loakim, 2005) based on general similarities in facies and the position of the main lignite seam.
Near Aliveri, this lignite attains thicknesses of >40m (Ioakim et al., 2005). The Kazarma
Member represents a low-relief lacustrine margin (Riegel et al., 1989).
The Aghia Marina Member overlies the main lignite horizon. Along the coastline to the
north of Paralia Kymi and south of Platana, it consists of 0.3-3m thick alternations of organic-
rich, dark gray clayey siltstone, nonlaminated to weakly laminated, locally with 1-3cm thick
sandstone interbeds, calcareous, finely-laminated marl with abundant gastropod fauna and leaf
impressions, and gray to tan, compact lacustrine limestone with gastropod and bivalve shell
fragments decorating lamination planes (Figure 5B). Within the Kastrovalla valley and at the
mouth of the Paramerites Gorge, this unit consists of white, well-laminated calcareous marls
bearing abundant leaf impressions and gastropod shells and compact, tabular lacustrine
limestones. We correlate the Aghia Marina Member with the Plakes Formation of Riegel et al.
(1989) and the "calcareous mud formation" and "mud formation" of Kotis (2002 in Ioakim,
2005) based on general lithology and the location of the main lignite seam. This member records
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deposition in a marginal to open-water lacustrine setting (Riegel et al., 1989) largely free from
coarse detrital input.
The Androniani Member gradationally overlies the Aghia Marina member. North of
Paralia Kymis, it consists of distinctive, fine-grained clay-marl rhythmites underlain by laterally
discontinuous basal 0-1cm thick fine sandstone layers that are commonly ripple cross-stratified
(Figure 5E). A rich assortment of sedimentary structures, including basal rip-ups (Figure 5C),
plumiform density inversions, pseudonodules, intraclasts, convolute laminations, and normal
grading demonstrates that these beds were deposited by some combination of turbidity currents
(Lowe, 1982), fine-grained plastic flows, and bottom currents (Shanmugam, 2002). Very finely
laminated clay, marl, and evaporite layers situated between event beds represent background
deposition from suspension. Articulated fish fossils occur on the tops of turbidite beds, and
bioturbation is largely absent. No mudcracks or syneresis structures have been identified. Rare
sand-based beds -m thick exhibit complete or partial Bouma sequences, and probably represent
the distal deposits of large-scale mass flows. Tabular lacustrine limestone beds 10-20cm thick
are present but rare. At Paralia Kymis, thin (<1cm), finely laminated calcite and massive gypsum
beds indicate periodic hyperconcentration, but there is no indication that these sediments were
subaerially exposed.
The Andronianoi Member coarsens both upward and eastward. In the Kastrovalla valley,
it grades upward from sand-free marls containing fish fossils to organic-rich silty marls with
horizontal-laminated to ripple cross-stratified sheet sandstone interbeds. West of Stomio, the
middle and upper Andronianoi Member contains abundant cross-stratified to planar-laminated
basal sandstone beds that are typically 2-5cm thick and comprise up to 30% of the lithological
column (Figure 5D). East of Stomio, channelized gravel conglomerates representing subaqueous
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distributary channel deposits incise into marl-sandstone rhythmites. This member is not exposed
within the Plakes mine near Aliveri (Katsikatsos et al., 1981), but we correlate with the "upper
lignite formation" of Kotis (2002 in loakim, 2005), which is known from shallow drilling along
the southern basin margin. The Andronianoi Member represents delta front to profundal
lacustrine environments.
Thick (<10m) slump deposits occur within the Androniani Member. A well-exposed
slump horizon near Stomio is derived from the east, based on the north-south oriented axes of
cylindrical, tightly folded sandstone horizons exposed in the Stomio sea cliff, the sense of cutoff
of bedding above the basal decollement of this slump, and the vergence of imbrications of meter-
scale duplex structures on the decollement surface (Figure 6). Smaller slumps typically
consisting of massive to planar laminated coarse sandstone with suspended pebbles and
deformed marl intraclasts, overlain by intricately-deformed sandstone and dark gray siltstone
beds with suspended clasts up to large cobble size. Each slump horizon is overlain by normally-
graded, planar-parallel laminated sand, silt and clay. Exposure of an eastward-derived slump
deposit near Dirrevmata indicates run-out distances of >5km.
Several 30- to 50-cm thick, intrastratal contorted horizons occur within the upper
Andronianoi Member. They are laterally extensive, with a deformation characterized by intense
but not asymmetric folding detached on the surface of a single event bed. These horizons reflect
in-situ deformation of fluidized near-surface sediment, and are interpreted as seismites resulting
from liquefaction during strong ground motion (Mills, 1983). Small-offset normal faults are
common within this section, although they do not occur in the laterally equivalent profundal
facies near Kymi. The synsedimentary nature of these faults is ambiguous. However, the close
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association of seismites with thick slump deposits suggests that slope destabilization occurred
during large earthquakes.
3.1.4 Octonia Formation
The Octoniai Formation has a limestone-rich Sub-Pelagonian provenance, and consists of
breccias, conglomerates, and mappable interdigitations of fine-grained lacustrine deposits. The
conglomerates are separable into stratigraphically lower and higher packages of notably different
facies (Figure 7). The lower conglomerates are typically unbedded to thickly-bedded gravels that
exhibit gross normal grading, are matrix supported with a poorly-sorted mud and carbonate sand
matrix, and are interbedded with thin (0.2-2 m) sequences of planar-laminated siltstone, fine
sandstone, and, rarely, laminated clay (Figure 7C). Clasts in overlying conglomerate beds are
commonly foundered into these finer interbeds, which do not show any evidence for
pedogenesis. Gravel bed bases are non-erosive, and channelization is absent. These
conglomerates interfinger basinward with 10-30m thick, westward-thickening tongues of thinly-
bedded lacustrine sands, silts, and muds, and were deposited as subaqueous debris flows and
hyperconcentrated flows (Mulder and Alexander, 2001) on proximal portions of a lacustrine fan-
delta (Benvenuti, 2003; Horton and Schmitt, 1996). The stratigraphically lowest Octonii
formation sediments consist of laminated clays and sands containing large (>10m diameter)
limestone olistoliths that were shed off of a steep escarpment.
The upper Octonii Formation conglomerates exhibit pronounced lateral variation in
depositional facies. East of Avlonarion, the conglomerates are typically unbedded to thickly-
bedded, have subangular granule to cobble-sized clasts and non-erosional bases, and are mostly
clast-supported with voids unfilled or filled by carbonate cement (Figure 7A). While individual
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beds are not graded and are only poorly to moderately sorted, there is a strong variation in
median grain size between adjacent beds. These deposits represent subaerial to submerged talus
cones and proximal, high-gradient alluvial fan deposits derived from steep, presumably fault-
bounded, topography to the east. Near Mourteri, the upper Octonii Formation consists of
laterally-discontinuous, ungraded to normally graded conglomerates and sandstones (Figure 7B).
Clasts are subangular to rounded, indicating large transport distances. Channelization features,
clast imbrications, and rust-colored paleosol horizons indicate subaerial deposition on an alluvial
fan surface (Evans, 1991).
Along the Avlonarion-Octonii road, a distinctive 4m-thick gravel bed occurs within a
gradational zone between the lower and upper conglomerates. This bed is well-sorted, exhibits
low-angle planar-parallel lamination, and is interpreted as a beach deposit developed by wave-
reworking of a fan surface along a high energy shoreline.
The lacustrine deposits of the Octonii Formation consist of thinly-bedded sandstones,
siltstones, marls, and evaporites. The most typical sediments are normally-graded, fine sand-silt
couplets with cross-stratified bases, interbedded with thin, finely-laminated evaporite beds.
Mudcracked, medium-to-coarse-grained massive sandstone interbeds 2-10cm thick indicate
periodic exposure. These deposits interfinger only with the lower, subaqueous conglomerates,
and record nearshore to offshore, but not profundal, lacustrine environments (Horton and
Schmitt, 1996).
Near Aliveri and along the western margin of the basin, lateral equivalents of the Octonii
Formation are represented by thin sandstone beds, clast-supported conglomerates, and thin,
gravelly subaqueous debris flow deposits interbedded with laminated lacustrine marls and clays,
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which were previously designated as the Marmarenia Formation (Riegel et al., 1989). These thin
deposits represent deposition in distal alluvial to marginal lacustrine environments.
3.2 Mantzari Group
3.2.1 Kalovoulo Formation
The Kalovoulo Formation consists of dominantly Pelagonian provenance, coarse-grained
conglomerates and breccias that interfinger with the fine-grained sediments of the Avra
Formation. This formation is divided into two mappable members, the lower Stomio Member
and the upper Mourteri Member. Logged stratigraphic columns of three reprentative sections are
presented in Figure 8.
The Stomio Member conglomerates and breccias are generally unbedded, mud-sand
matrix supported, and exhibit gross normal grading. Tabular clasts show no preferred orientation.
A single bed >1 5m thick exposed on the Stomio-Avlonarion road exhibits normal grading from
boulders near the base to small cobbles at the top; the lower 20cm of this bed is inversely graded
and overlies a >3m thick massive sandstone bed. Rounded boulders consisting of well-bedded
pebble conglomerates derived from the Octonii Formation of the Prinias Group occur as clasts
within very coarse-grained deposits. This member interfingers toward the west with open
lacustrine sediments of the Andronianoi Member of the Kymi Formation, and is gradationally
overlain by an interdigitation of the Avra Formation.
The Mourteri Member conglomerates are typically clast supported with a sand-silt
matrix, unbedded to thickly bedded, and ungraded to weakly normally graded. Beds are 2-10m
thick and have low-relief erosional bases that occasionally exhibiting meter-scale channelization.
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Clasts are subangular to well-rounded and range from pebble to cobble size, with outsize
boulders >1m in diameter, and are locally imbricated. While some conglomerate beds are
unstructured, others are normally-graded and are capped by massive to planar-laminated sand
beds 2-15cm thick that bear well-developed paleosol horizons. Laterally-discontinuous,
evaporitic, laminated marl beds <im thick are locally interbedded with these conglomerates.
The Kalovoulo Formation was derived from steep, fault-bounded topography on the
eastern margin of the basin. Local enrichment in Sub-Pelagonian-provenance clasts and
occurrence of boulders of oligomictic limestone-clast conglomerate reflects cannibalization of
the underlying Octoni6 Formation. The lower Stomio Member was emplaced as massive
subaqueous debris flows into a lacustrine fan-top environment (Reading, 1986). The bedded
conglomerates of the upper Mourteri Member record westward progradation of a system of
subaerial alluvial fans (Miall, 1996). Evaporative, marly interbeds represent ephemeral fan-top or
interfan lakes. The Mourteri Member conglomerates fine and thin westward, where they record a
low-sinuosity fan-top distributary environment.
3.2.2 Avra Formation
The Avra Formation is a 10- to 40m-thick sequence of fine-grained Sub-Pelagonian and
Pelagonian provenance sediments with diverse sedimentary facies (Figure 9 A-E). In the
northern basin near Kymi and Platana, the lacustrine marls of the Andronianoi Member grade
upward into finely-laminated dark gray clays of the lower Avra Formation, which are
interbedded with lenticular, 1-100 cm thick finely laminated algal limestones. These clays are
overlain by massive to planar-laminated coarse sandstones >5m thick bearing thin lenses of
rounded pebble conglomerate. These sandstones are overlain by rhythmically bedded, cross-
86
stratified sandstone (0-7cm thick) and massive brown clayey mudstone that are interbedded with
thin (4-10cm), compact lacustrine carbonates. These beds are overlain by alternations of
laminated gray siltstone and platy, white marl, which are in turn overlain by distinctive ripple
cross-stratified siltstones and fine sandstones containing thin (2cm) laminated algal carbonate
lenses. Organic-rich, varved clays and silts occur within these silty sandstones in meter-thick
beds that are internally contorted. Lenses of cross-stratified pebble sandstone occur near the top
of this sequence. These beds grade upward into rhythmically-bedded sandstone and mudstone
couplets, with thick (10cm) sand beds, which are overlain by fluvial conglomerates and debris
flows of the lower Kalovoulo Formation.
South of Oxylithos, The Avra Formation overlies coarse conglomerates of the Kalovoulo
Formation, and consists of ripple cross-stratified siltstones with sub-mm algal carbonate films,
containing occasional decimetric, laterally discontinuous rounded-pebble conglomerate beds.
These siltstones are overlain by a distinctive, 5 meter-thick sandstone bed that is massive to
planar-laminated and contains deformed siltstone intraclasts at its base. This bed extends for
>2km laterally, and can be mapped across the intrusive Oxylithos volcanic edifice. At this
locality, the Avra Formation coarsens upward into tabular, medium-grained sandstones that
exhibit hummocky cross-stratification, which contain lenses of rounded pebble conglomerate 2-
3m wide and 20cm thick and are interbedded with massive mudstone. Near Konistres, the Avra
Formation is notably thin (<20m) and consists primarily of cross-stratified siltstone to fine
sandstone interbedded with rare, 10-cm thick, compact lacustrine limestones. The Kalovoulo
Formation is largely absent in this area, and is represented only by isolated, lenticular pebble
conglomerates and gravels.
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The Avra Formation records complex, laterally variable sedimentation in a distal alluvial
fan to lacustrine fan delta environment (Horton and Schmitt, 1996). The pronounced lateral and
vertical variability in sedimentary facies at the kilometer scale reflects a dynamic depositional
environment, with lateral migration of shoreline, palustrine, delta-top disbributary, prodelta, and
meandering fluvial environments over short timescales.
3.2.3 Eleon Formation
The Eleon Formation was previously included in the Koustoumalou Group (Riegel et al.,
1989). This formation consists mainly of Sub-Pelagonian provenance conglomerates in alluvial-
fluvial facies (Miall, 1996) that erosionally overlie the Prinias Group in the vicinity of Aliveri.
While Triassic-Jurassic limestones and dolostones are the dominant clast lithology in many
outcrops, Pelagonian provenance clasts do occur and locally comprise >80% of the clast
population. Clasts within the Eleon Formation are well-rounded, indicating significant transport
distances compared to other conglomerates of the Mantzari Group. Near Aliveri, the Eleon
Formation attains a thickness of >30m. This formation is a distal equivalent of the alluvial
conglomerates of the Kalovoulo Formation.
3.2.4 Kremastos Formation
The Kremastos Formation crops out in a narrow band along the western basin margin,
where it lies unconformably upon Mesozoic limestones of the Servouni Unit. This formation
contains white-gray nodular cherts (Figure 7D) included within chalky white marl, tufa-
cemented, pebble conglomerates with low-angle stratification containing schist and marble clasts
(Figure 7E), coarse-grained calc-arenites, and compact lacustrine limestones. The metamorphic
88
clasts are not Cycladic and are tentatively attributed to the Pelagonian provenance; however, the
distinctive serpentinites of this provenance are absent and this Formation could alternatively be
assigned to the Prinias Group. The lowermost beds attain moderate to steep basinward dip (~30
degrees), while nearby Koustoumalou Group conglomerates are nearly flatlying. We interpret the
Kremastos Formation as the deposits of a wave-dominated lacustrine shoreline that onlapped
onto a low-relief exposure surface underlain by Mesozoic limestones of the Servouni Unit.
3.3 Kostoumalou Group
3.3.1 Aghios Loukas Formation (A,B,C)
The Aghios Loukas formation is separated into three mappable members (Figure 1OA),
each of which consists of interbedded sandstones, mudstones, and pebble to cobble-clast
conglomerates. Clasts range from subangular to well-rounded and consist primarily of Cycladic-
provenance phyllites, schists, marbles, and vein quartz derived from the metamorphic nappes
exposed in South Evia. Conglomerates within all members exhibit a similar range of textures,
which include trough and planar cross stratification, clast imbrication, and meter-scale
channelization. Member A is 5-20m thick and consists primarily of trough cross-stratified fine to
medium-grained sandstones interbedded with subordinate conglomerate. Member B consists of
20-30m of highly-indurated conglomerates and cross-stratified sandstones that form prominent
cliffs (Figure 1OB). Fine-grained mudstone interbeds are most common in Member C, and
commonly exhibit well-developed paleosols, calcrete horizons, mudcracks, and root casts. This
member coarsens upward and toward the southeast, where thick-bedded (2-3m), unsorted,
matrix-supported conglomerates dominate. The Avlonarion-Octonii road exposes a steeply-
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dipping, apparently continuous section of Member C that is apparently ~1.5 km thick; however,
this thickness is exaggerated by repetition of section on unmapped splays of the Elata normal
fault (Deprat, 1904; Kokkalas, 2001). While previous workers estimated an overall thickness of
ikm for the Koustoumalou Group (Kokkalas, 2001; Xypolias et al., 2003), well-constrained,
continuous sections are everywhere less than -400m thick. Apparent thicknesses in the south-
central basin are exaggerated by poor exposure combined with pervasive small-offset faulting
and low-amplitude folding.
3.3.2 Gawalas Formation
The Gawalas Formation (Riegel et al., 1989) consists of disorganized conglomerates
supported by a muddy sand matrix, which are derived almost exclusively from the metamorphic
nappes of South Evia. The formation attains a maximum thickness of ~50m, contains boulders
>3 m in diameter, and thickens toward the southeast, where it is locally sheared along the SE-NA
Fault. The basal contact dips shallowly toward the northwest and exhibits high relief reflecting
infilling of preexisting topography. The apparent lack of bedding suggests that the Gawalas
Formation was deposited during a single catastrophic debris flow event derived from steep relief
along the SE-NA Fault (Kokkalas, 2001). The Koustoumalou Group was deposited during
progradation of a periodically-flooded alluvial fan derived from exposures in South Evia (Miall,
1996; Riegel et al., 1989). Distal braided stream and sheetflood deposits of the lower Aghios
Loukas Formation are overlain by progressively coarser debris flow conglomerates.
4. Unconformities
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Internal unconformities are important records of synsedimentary deformation, and are
especially enlightening in small, highly-deformed basins. Along the western basin margin, the
Avra Formation lies with slight to moderate (5-25O) angular unconformity over the Kymi
Formation. Near Aliveri, the nearly flat-lying conglomerates of the Eleon Formation
unconformably overlie basinward-tilted rocks of the Prinias Group. These observations imply
that basin-wide upright folding accompanied the entrance of Pelagonian provenance detritus into
the basin. The Aghios Loukas Formation lies with slight to moderate angular unconformity over
the Mantzari and Prinias Groups. The angle of discordance is minimal in the basin center near
Orion, where Pelagonian provenance alluvial-fluvial conglomerates grade upward into Cycladic
provenance conglomerates of identical facies, but locally exceeds 30' along the western (de
Bruijn et al., 1980) and eastern basin margins. Near Neochorion, the bedding cutoff angle
between vertically-dipping Latas Formation beds and shallowly-dipping Gawalas Formation
debris flows exceeds 700. These discontinuities highlight the syntectonic nature of the basin and
reflect progressive, syn-sedimentary folding during development of a large-scale extension-
parallel synform (Chapter 2).
5. Paleocurrent analysis
In fine-grained lithologies, we measured paleocurrent directions from cross-stratified
sandy turbidite bases, basal scours and troughs, asymmetric load structures, aligned plant debris
on bedding planes, and parting lineation in planar-parallel laminated sandstones. In
conglomerates, we measured paleoflow direction primarily from the orientation of imbricate
tabular clasts (Miall, 1974). The results are presented in graphic form in Figure 11.
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The lacustrine turbidites of the Andronianoi Member of the Kymi Formation were
derived primarily from the south; however, near Kymi this direction changes to southeast, and
there are occasional beds that record flow from the northwest. The Octoniai Formation also
appears to be derived from the east, based on asymmetric load structures in sandstone beds,
indications of paleoslope direction from slumped horizons, and the interfingering patterns of
marginal and distal facies. Clast imbrications indicate northwest- to west-directed paleoflow for
the upper Kalovoulo Formation, which is consistent with its westward pinchout and the observed
decrease in grain size toward the west. Cross-stratified siltstones within the Avra Formation
invariably record west- to northwest-directed flow. Poor exposure and lack of imbrication due to
the high degree of clast roundedness prevented measurement of paleocurrent directions in the
Eleon Formation. Paleocurrent directions measured from imbricated clasts and channel axes in
the Aghios Loukas Formation record north-directed flow parallel to the modem valley axis.
Although outcrop-scale paleocurrent directions were not observed in the Gawalas Formation, the
general transport direction is demonstrated by thinning and fining of this unit toward the north-
northwest.
The paleocurrent record is generally consistent with northward transport of material into
the Kymi-Aliveri basin over the duration of its formation. While the Koustoumalou Group was
laterally restricted by topographic relief along both basin margins, the older sediments were only
restricted along the eastern basin margin. This situation closely mirrors the development of other
synformal supra-detachment basins, which do not generally exhibit marginal facies along the
modem basin edges and which record consistent paleocurrent directions during the duration of
basin sedimentation (e.g. Purvis and Robertson, 2005).
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6. U/Pb zircon dating methods
Previously reported K-Ar ages from volcanics within the Kymi-Aliveri basin suffer from
poor precision and large variations in reported ages within individual rock bodies, which
preclude their use in detailed reconstruction of the basin history (Lemeille, 1977; Fytikas, 1984;
Pe-Piper and Piper, 1994). We dated newly-collected samples using high-precision CA-ID-TIMS
U/Pb zircon chronology, which is capable of resolving Miocene crystallization events separated
by tens of thousands of years. In addition to re-dating previously described volcanic units, we
identified and dated two ejecta deposits that are interbedded with Kymi Formation and Aghios
Loukas Formation sediments. Isotopic data from zircons inferred to represent the age of final
crystallization are presented on concordia plots (Figure 12), and all data including ages of
inferred xenocrystic zircons are presented in Table 1.
Zircons were separated at MIT from crushed samples by standard magnetic and heavy
liquid techniques, then hand-picked for clarity, purity, and prismatic morphology under a
binocular microscope. All measurements were made by R. Buchwaldt in the MIT radiogenic
isotope lab. Zircons were annealed for 60 hours at 900 'C, followed by leaching in HF acid at
180 'C for 12 h (Mattinson, 2005). The grains were then spiked with a mixed 2 05 Pb- 2 3 3U- 3 5u
tracer solution and dissolved in HF. Dissolved Pb and U were separated using an HCl-based ion
exchange chemistry procedure (modified after (Krogh, 1973)), loaded onto single, degassed Re
filaments together with a silica gel-H3PO4 emitter, and their isotopic compositions were
measured on the VG Sector 54 thermal ionization mass spectrometer (TIMS). The average
common Pb mass was 0.57 picograms, and is assumed to originate solely from the procedural
blank. U-Pb data reduction and uncertainty propagation were done with U-PbRedux (Bowring,
2010; McLean et al., 2011) using the decay constants of Jaffey et al. (Jaffey et al., 1971).
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Reported ages are weighted mean 206Pb/238U dates of four or more concordant or near-
concordant zircon grains, corrected for initial 23 0Th disequilibrium in the 238U decay scheme
(Crowley et al., 2007).
All samples except KEB08-A20 and KEB10-A2 yielded a population of elongate and
prismatic, doubly-terminated, clear zircons that yield concordant or nearly-concordant Miocene
crystallization ages. Samples KEB07-15, KEB1O-A2, and KEB08-A20 also yielded a second
zircon population of probable detrital origin, characterized by stubby, cloudy-to-opaque, and
fractured grains that yield concordant Late Proterozoic through Mesozoic crystallization ages.
Sample KEB10-A2 contained only the second, detrital population. Six of eight samples yielded
tightly-clustered, concordant or nearly concordant analyses, which we interpreted as
crystallization ages. We discuss each sample and its inferred age in the context of field
descriptions of the relevant volcanic units.
7. Volcanics
7.1 Oxylithos volcanics
The Oxylithos volcanic center (Figure 13A) consists of high-Mg, porphyritic dacites and
subordinate andesites forming an elongate ridge between Kypi and Platana (Deprat, 1904;
Papastamatiou, 1958; Guernet, 1971; Lemeille, 1977; Pe-Piper and Piper, 1994; Barbieri, 1998).
The northern half of the complex and consists of a main domal structure flanked by several
smaller sub-domes. The large central dome is structured as a carapace of compact, porphyritic
dacite that envelopes frothy, aphyric dacite containing abundant marl and pebble xenoliths.
Laminated hornfels xenoliths within the aphyric dacite have been interpreted as the remnants of a
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crater lake (Pe-Piper and Piper, 1994); however, their coexistence with rounded non-
metamorphic pebbles suggests that they are from the Kymi Formation. Near Oxylithos village,
the contact between lacustrine marls and dacites is sub-vertical and exhibits horizontally-
trending mullion structures (Figure 13.1), with blackened, contact-metamorphosed marls
occupying tightly pinched cusps between lobate dacite bands. The western margin of the main
dacite dome exhibits horizontally-oriented columnar jointing along the contact with sediments of
the Mantzari Group. Breccias occurring along the subvertical eastern contact that exhibit dacite-
up brittle kinematics (Figure 13.2) were previously cited as evidence for within-basin thrusting
as late as Middle Miocene time (Lemeille, 1977; Kokkalas, 2001).
Red-weathering porphyritic dacites and andesites make up the southern part of the
volcanic complex. Deprat (1904) mapped a subhorizontal compositional layering within these
volcanic rocks, which is not obvious in the field but is visible in high-resolution satellite
imagery. These layered rocks overlie the intrusive dacites along a south-dipping surface. The
Klimatari sill (Deprat, 1904; Pe-Piper and Piper, 1994) terminates at this contact, probably
because it was a feeder dyke for the extrusive volcanic suite.
The Oxylithos volcanics were dated by the K-Ar method by Fytikas (1980) at 13.25 ±
0.45 Ma (whole rock), and by Pe-Piper and Piper (1994) at 14.2 ± 0.7 (whole rock) and 15.2 ±
0.5 Ma (biotite). All of these analyses were problematic, with some samples yielding ages as old
as 48 Ma. The banded dacite carapace yields a U/Pb zircon crystallization age of 14.097 ± 0.011
Ma (sample KEB06-1). A sample collected from the red-weathering andesites of the Kypi Unit
on the Platana-Oxylithos road yields an age of 14.105 ± 0.012 Ma (sample KEB1O-A3), and a
petrographically similar sample collected near the village of Kypi yields dominantly inherited
zircons, with a single concordant zircon analysis of 14.10 ± 0.10 Ma (Sample KEB 10-A2). The
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Oxylithos and Kypi Units are statistically identical in age, demonstrating that the intrusive and
extrusive suites shared a source that underwent a single period of zircon crystallization during
eruption to the surface. Major and trace element analyses of these units (Barbieri et al., 1998; Pe-
Piper and Piper, 1994) also support a model of co-genesis.
Based on these field relationships and geochronology, we interpret the Oxylithos
complex as an inflationary sub-volcanic dacite dome and an overlying extrusive suite, which
were developed during a single eruptive event. The structurally lower dacitic body is an
inflationary dacite dome (Goto and McPhie, 1998), which intruded at shallow depth and
progressively inflated. The brittle shear zones discussed by Kokkalas (2001) developed during
emplacement of the dacite body, and do not record a regional thrusting event. Our observations
invalidate the structural corrections that were applied to paleomagnetic vectors previously
measured from the volcanics, which assumed that they are extrusively interbedded with the
lacustrine section exposed along the Kymi-Stomio road (Kissel et al., 1986; Morris, 1995); the
implications of this result will be presented in a separate paper.
The Oxylithos volcanics cut marker beds within the Mantzari Group. Intrusion into the
lower Aghios Loukas Formation is likely due to local outcrops of dacite near Spilia village, but
this relationship has not been directly confirmed due to poor exposure of the contact. The upper
volcanic sequence was described as overlying the Prinias and Mantzari Groups by Deprat (1904),
and is mentioned as possibly extrusive by Pe-Piper and Piper (1994). Northwest of Ano Potamia,
the red-weathering andesites of Viglatouri Hill overlie the Kymi Formation on an apparently
horizontal contact, supporting an extrusive origin for these rocks and suggesting that eruption
postdated the formation of a basin-wide unconformity.
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7.2 Orion-Spilia volcanics
The Orion pyroclastic unit (Figure 13B) was originally interpreted as the deposits of
fluvially-reworked tephra derived from the Oxylithos volcanic center (Deprat, 1904; Fytikas et
al., 1980). Pe-Piper and Piper (1994) envisioned the ejecta as resulting from collapse of a wet
Plinian column, based on the occurrence of accretionary lapilli (Papastamatiou, 1939) and the
recognition of bedforms that are common in basal surge deposits. These authors interpreted the
contact with the basin fill as a complex fault, and again suggested that the pyroclastic deposits
were derived from the nearby Oxylithos massif. In contrast, Guemet (2011) interpreted the main
exposure as an infilled explosion crater.
Our mapping shows that the ejecta beds dip radially toward the center a 2km-diameter
paleo-depression. Bedding dips decrease stratigraphically upward, reflecting progressive infilling
of a topographic depression with 50-100 m of initial vertical relief. Along the western contact,
these beds are buttressed against a steep, east-dipping surface that truncates conglomerates of the
Kalovoulo Formation (Guemet, 2011). The pyroclastic fill transitions upward from a Lower Unit
of unwelded lithic tuff and agglomerate bearing abundant accretionary lapilli into an Upper Unit
of welded, vitreous tuffs (Pe-Piper and Piper, 1994). The dominant juvenile clast lithology is a
distinctive rhyolite (Lemeille, 1977) with a magmatic flow fabric defined by preferred
orientation of biotite and felspar. Non-juvenile clasts within the Lower Unit are derived primarily
from Manzari and Prinias Group conglomerates, and occur both as disseminated grains and
meter-scale, irregularly-shaped conglomerate clots (Figure 13.3).
The newly described Spilia Unit is interbedded with the lower Aghios Loukas Formation,
can be traced laterally into the upper part of the Orion volcanic center, and is lithologically
similar to the lower Orion pyroclastics. The Spilia Unit consists primarily of planar laminated,
97
rarely cross-stratified, non-welded, ashy tuffs. These tuffs are interbedded with 10-15cm thick
beds of coarse-grained, poorly-welded tuff containing pumice and abundant free euhedral or
broken crystals of feldspar, quartz, and biotite (Figure 13.4). The Spilia Unit varies laterally in
thickness from 5 to ~ 5m, reflecting infilling of preexisting topographic relief.
We interpret the Orion-Spilia pyroclastics as the products of a hydrovolcanic eruption
located at the Orion center. Intrusion of a rhyolite body into the water table initiated explosive
volcanism and produced a crater with a diameter of -2 km and 50-100 m of negative topographic
relief. No scoria cones, tuff rings, or lava flows occur around the crater margin, indicating that it
is a simple maar crater. The crater was infilled first by collapse of a wet Plinian column, forming
the proximal Lower Unit and the distal surge deposits of the Spilia Unit, and then by pulsed
eruption of hot tuffs. The lack of interbedded fluvial or lacustrine sediments within the tuffs (Pe-
Piper and Piper, 1994) and the debris flow facies of the overlying Aghios Loukas Formation
suggest the Orion maar crater was completely infilled during a single large eruption.
Rhyolite clasts within the Orion pyroclastic deposit were previously dated by the K-Ar
method at 13.25 ± 0.45 Ma [biotite] (Fytikas et al., 1979) and 15.2 ± 0.5 Ma [biotite] (Pe-Piper
and Piper, 1994). Tephra collected from unknown stratigraphic levels yielded K-Ar ages of 13.15
± 0.7 Ma (Lemeille, 1977) and 14.8 ± 0.7 Ma (Fytikas et al., 1979). In this study, the rhyolite
clasts yield a U/Pb zircon crystallization age of 13.79 ± 0.01 Ma (sample KEB06-12). A welded
tuff collected from the Upper Unit yields a statistically identical crystallization age of 13.81 ±
0.07 Ma (sample KEB07-15). A sample of the Spilia pyroclastic collected from Aghiasmos Hill
contained only detrital zircons (sample KEB 10-A20).
7.3 Airfall-waterfall tuffs
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We located two exposures of airfall-waterfall tuff within the upper Androniani Member,
one at Kymi Beach and one near Konistres. These beds are both ~25 cm thick and consist of
laminated to massive, fine-to-medium grained crystal tuff composed of sanidine, plagioclase,
quartz, and euhedral biotite. The Kymi beach tuff (sample KEB-0811-A1) yields a U/Pb zircon
age of 15.329 ± 0.021 Ma, and the Konistres tuff (sample KEB1O-Al) yields a statistically
identical age of 15.368 ± 0.075 Ma. We interpret these deposits as the products of a single
eruptive event with an unknown source location.
8. Magnetostratigraphy
We collected oriented samples from two well-exposed composite sections spanning most
of the Kymi Formation. Section A (Figure 14) is located along the sea cliff north of Paralia
Kymis, and comprises 66 stratigraphic levels sampled over a 650 m-thick section containing four
small (<10m) and one large (~40m) non-exposed intervals due to land slips (Ilia et al., 2010).
Between ~300m and ~400m stratigraphic height (referenced from the base of the measured
section), we sampled shallowly submerged outcrop by marking strike lines on bedding surfaces
of large, tabular blocks (~30cm diameter, 10 cm thick), which were then pried out and reoriented
for drilling on the shoreline. This orientation method is sufficiently accurate for determination of
magnetic polarity in shallowly-dipping beds. Section B (Figure 15) is located along the seacliff
west and east of Stomio village, and is constructed of 4 sub-sections, including one major break
across the Manikianis river valley. Correlation between sub-sections was accomplished by
tracing distinctive beds along strike, although small overlaps or gaps between sections is
possible. Section B suffers from minor dislocation of large outcrops above listric slump surfaces
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affecting the modern seacliff. A total of 57 stratigraphic levels were sampled over a ~450 m-
thick section.
We collected 2.54 cm diameter cores using a diamond-bit gasoline-powered drill, with
spatial orientation by both magnetic and sun compass. All samples were cut into cylindrical
specimens 1.3 cm tall using a water-cooled saw with nonmagnetic blades. Three to five samples
were drilled and per stratigraphic level ("site"), yielding three to nine oriented specimens.
Specimens were stored in a shielded room for one month prior to analysis to minimize the
contribution of viscous remanent magnetizations. All samples were collected from fresh,
unweathered sites and an effort was made to avoid sampling oxidized zones associated with
fractures. We measured paleomagnetic remanence using a 2G cryogenic magnetometer equipped
with an automatic sample changer and in-line rock magnetism instruments (Kirschvink et al.,
2008). Samples were thermally demagnetized in a magnetically shielded oven with an ambient
field intensity of <1OnT. Principal components (Figure 17 A) were fit using the least-squares
method of Kirschvink (1980) utilizing the software of Jones (2002), Cogn6 (2003), and Tauxe
(2010). Great circle paths were incorporated into site means using the method of Mcfadden and
McElhinny (1988) (Figure 17B).
Site mean directions are assigned a quality rating based on the demagnetization
characteristics of the specimens (following Connell, 2010). Quality 1 sites have a95 < 15', and
contain at least three specimens that exhibit linear, origin-seeking (DANG<MAD) (Tauxe and
Staudigel, 2004) demagnetization paths that unblock between 150-500'C. In exceptional cases,
sites containing fewer than three such specimens but exhibiting a very well-defined
magnetization recorded by at least five specimens are assigned a quality of 1. Quality 2 sites
either have a95 > 15' or include mostly specimens with non-ideal demagnetizations (MAD> 150,
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DANG>MAD, irregular paths, or loss of magnetic stability around 250-300'C); these sites are
sufficient for assessing magnetic polarity. Quality 3 sites consist of a single specimen with a
high-quality demagnetization path; in this case the interpretation of magnetic polarity is
supported by comparison with adjacent sites. Quality 4 sites yielded incoherent demagnetizations
or highly scattered directions, and are excluded from further analysis. Mean paleomagnetic
directions will be presented elsewhere in the context of regional tectonics. Out of 107
stratigraphic levels, 61 are of quality 1, 27 of quality 2, 15 of quality 3, and 4 of quality 4.
Magnetic polarity is therefore well-determined for nearly all sampled levels.
All sedimentary samples exhibited weak magnetization, with NRM intensities ranging
between 5 pA/m and 1 mA/m. During thermal demagnetization, most specimens show a strong
loss of remanence between 250'C and 400'C. Above 400'C, these specimens exhibit erratic
demagnetization paths, which are probably due to growth of fine-grained magnetite during
oxidation of iron sulfides. Some specimens do retain a stable magnetization above 400'C but
unblock by -525'C, demonstrating that magnetite is also present as a carrier of remanence.
Three-axis alternating field (AF) demagnetization of pilot specimens failed to isolate a stable
component of remanence due to the acquisition of strong gyroremanent magnetization (GRM) at
peak fields over 40 mT. This laboratory-induced magnetization is typically ~20% of NRM
intensity but can be much stronger than the original NRM. Efficient acquisition of GRM is
typical of the mineral greigite (Snowball, 1997; Hu, et al., 2002). Although iron sulfides are
generally produced during diagenesis and therefore bear a time-delayed record of the
geomagnetic field, under ideal conditions greigite is capable of preserving a high-fidelity record
of paleomagnetic field direction adequate for magnetostratigraphy (Vasiliev, 2007). The rocks
sampled in this study are primarily fine-grained, light brown to gray calcareous mudstones, with
101
subordinate sampling of indurated sandstones and compact lacustrine limestones. The presence
of microlaminites and intrastratal evaporites interbedded with gray marlstone event beds
containing abundant carbonized macrophyte debris, combined with the general absence of
bioturbation and in-situ benthic fauna, suggest an oxygen-poor depositional and diagenetic
environment within a perennially stratified lake.
Section A yielded a high-quality magnetostratigraphy, incorporating 312 specimens from
59 of the 66 stratigraphic levels (Table 2). Section B incorporates 175 specimens at 46 of the 57
stratigraphic levels and also yielded a high-quality magnetostratigraphy for its upper half, while
the lower half suffered from poor specimen-level demagnetization quality (Table 3). Well-
defined polarity intervals are evident in both sections. The stability of the measured remanence
and the fidelity of the paleomagnetic record is indicated by the high quality of demagnetizations,
the lack of opposite- or ambiguous-polarity specimens within well-defined polarity intervals, the
existence of transitional directions between opposite-polarity intervals. Fold tests are not feasible
within the nearly homoclinal sections; however, Fisher mean directions from each section have
smaller angular confidence intervals (a9s) and larger precision parameters (k) after restoration of
bedding to horizontal about the strike line. The high-quality sites of the combined sections fail a
reversal test (Angle=8.9; Anglecrit=6.6) (McFadden and McElhinny, 1990), probably as the
result of anomalously shallow reverse-polarity ChRM directions carrying an incompletely
removed viscous overprint acquired during the Brunhes normal polarity chron. These sites pass a
basic fold test (ki/k 2 = 2.59; kcrit(99%)=l.56) (McElhinny, 1964), and analysis of directional
clustering during progressive unfolding (Figure 16C) shows that the magnetization is consistent
with remnance acquisition between 100 and 133 percent unfolding (Tauxe and Watson, 1994);
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the bias of this error envelope toward higher percents of unfolding is probably due to the
anomalously shallow inclinations of reversed-polarity sites.
The Kymi beach airfall tuff occurs near the top of a long reversed-polarity interval, which
is consistent with its radiometric age and allows confident correlation of Section A to the
geomagnetic polarity timescale (Figure 17) (Gee and Kent, 2007). This correlation yields an
estimated post-compaction sedimentation rate of 0.25 or 0.29 mm/yr, depending on the
assignment of the lowest reversed-polarity zone to subchron C5Cn.1r or C5Cn.2r, respectively.
We correlate Section B with Section A by similarities in the overall lithological sequence and the
presence of a short normal-polarity interval overlying a long reversed-polarity interval. Based on
this correlation, Section B yields a post-compaction sedimentation rate of 0.26 mm/yr. Although
the presence of diagenetic greigite as an important carrier of remanence (Chapter 3) suggests that
acquisition of the measured ChRM directions could have been significantly delayed in the Kymi
Formation, we prefer to interpret the geochronological constraints in the most straightforward
way, with remanence being acquired during very early diagenesis. The resulting relatively high
inferred sedimentation rates fall within the range observed in other terrestrial supradetachment
basins (Oner and Dilek, 2011).
9. Discussion and conclusions
The Kymi-Aliveri basin contains a well-preserved Early to Middle Miocene flora, which
occurs within platy white lacustrine marls overlying lignites near Bitala and Aliveri (Kvanek and
Velitzelos, 2000; Unger, 1867). This floral assemblage was originally assigned an Aquitainian
age, based on an inferred hot climate and comparison with western European basins (Deprat,
1904; Guernet and Sauvage, 1969; Kvanek and Velitzelos, 2000). The stratigraphically higher
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marls contain a distinctly different floral assemblage reflecting a more temperate climate, and
were therefore assigned a Burdigalian age (Guernet, 1971; Guernet and Sauvage, 1969). A
microfaunal assemblage collected from the underclay of the main lignite seam at the Plakes mine
near Aliveri was initially correlated with reference faunas of the European Mammal Neogene
zone MN3 (de Bruijn et al., 1980), but has since been revised to correlate with the MN4
reference fauna from Rembach, Germany (de Bruijn et al., 1992; Doukas, 2003).
The geochronology and magnetostratigraphy presented here allow us to revise the age of
the basin fill. Assuming that the lowest lacustrine deposits (Kazarma Member) were deposited at
approximately the same rate as the rest of the Kymi Formation, the onset of lacustrine
sedimentation occurred no earlier than -17 Ma, consistent with a late MN4 micromammal age,
and persisted until after -15 Ma. The similarities in sedimentary facies and faunal assemblages
found within strata underlying lignite seams at Kazarma and Aliveri (de Bruijn et al., 1980;
Katsikatsos et al., 1981) show that the onset of lacustrine sedimentation was not strongly
diachronous across the basin. The hot climate inferred from the paleobotanical record is also
consistent with deposition of the lowest lacustrine sequence during the Miocene Climate
Optimum, a period of global high temperature between 18 and -16.5 Ma that is thought to have
resulted from an increase in atmospheric CO2 during eruption of the Columbia River flood
basalts (B6hme, 2003; Flower and Kennett, 1994; Zachos et al., 2008; Kidder and Worsley,
2012). It remains uncertain whether there is a relationship between this change in global climate
and the patterns of sedimentation in the Kymi-Aliveri basin.
Truncation of the Mantzari Group and the lower Aghios Loukas Formation by the
intrusive -14.0 Ma Oxylithos volcanics and the occurrence of -13.7 Ma pyroclastic ejecta within
the lower Aghios Loukas Formation constrains the onset of Koustoumalou Formation deposition
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to Middle Miocene time, in contrast with previous tentative assignments to the Pliocene (Aronis,
1952; Deprat, 1904) or Upper Miocene (Guernet, 1971; Katsikatsos et al., 1981; Kostopoulos,
2009). While the minimum age of the Gawalas Formation is unconstrained, texturally similar
debris flow deposits derived from the Attic-Cycladic massif that are exposed in Attica are
depositionally overlain by Upper Miocene fluvial-lacustrine sediments (Papanikolaou and
Papanikolaou, 2007).
The records of progressive deformation and evolution of clast provenance provide the
basic framework for a tectonic model for the Kymi-Aliveri basin. The onset of extension resulted
in localized faulting, the formation of small regions of accommodation space, and deposition of
the conglomeratic Dendra and Latas Formations around ~17 Ma. Accommodation space creation
outpaced sedimentary influx as extension accelerated, resulting in the formation of a large,
shallow lake with a low-relief western margin that was bounded to the east by steep relief, which
we infer to have been generated by a system of west-dipping high-angle normal faults
representing the breakaway zone of the Octoniai Detachment. The Octonii Formation developed
as a fan complex sourced from the Sub-Pelagonian footwall, which interfingered westward with
lacustrine rocks of the Kymi Formation. Accelerated footwall exhumation resulted in influx of
the very coarse-grained Pelagonian-provenance Mantzari Group into the basin around ~15 Ma.
Deposition of the Mantzari Group coincided with NE-SW direction extension recorded by
intrabasinal synsedimentary normal faults. This period of deformation was also associated with
amplification and wavelength-shortening of upper plate extension-parallel folds, and the eventual
development of fault-bounded relief along the western basin margin (Chapter 2). The main
period of extension in Central Evia ceased after nucleation of the South Evia-North Attica Fault
at ~14 Ma. Exposure of the Basal Unit in South Evia and progradation of the Koustoumalou
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Group alluvial fan system northward into the basin resulted in sealing of the Raxi normal fault
system by the Aghios Loukas Formation. Exhumation of the metamorphic source rocks in South
Evia to shallow depths during Middle Miocene time is supported by a zircon fission track age of
17.8 ± 0.9 Ma from a sample collected within ~15km of the Kymi-Aliveri basin, and apatite
fission track ages of 13.48 ± 6.9 Ma and 8.4 ± 3.3Ma reported from southernmost Evia (Ring et
al., 2007).
We interpret the Kymi-Aliveri basin as a supradetachment basin, with accommodation
space formation controlled by a combination of downthrow along normal faults and large-scale
extension-parallel folding (Chapter 3). The facies distribution, progressive sedimentary
evolution, high accumulation rate, and short-lived nature of the this basin are in accordance with
observations from other supradetachment basins of similar age and tectonic setting (e.g. Fowler,
1995; Purvis, 2005; Oner and Dilek, 2011). In contrast with models that relate Late Oligocene-
Early Miocene greenschist facies deformation and retrogression in the ACC to the onset of
crustal-scale extension, the upper plate in Central Evia appears to record an onset of regional
extension at -17 Ma, with actual exhumation of footwall metamorphic rocks and associated
localized volcanism occurring at -15-13 Ma.
The Kymi-Aliveri basin was previously interpreted as a transpressional feature, with the
Prinias Group being deposited on the downflexed footwall of the east-vergent, oblique Kymi
Thrust; this model has featured in many subsequent discussions of the unroofing of the Attic-
Cycladic Complex (Kokkalas, 2001; Xypolias and Kokkalas, 2003; Ring et al., 2007; Xypolias et
al., 2010, 2012). Our field observations do not support an interpretation of Early to Middle
Miocene thrusting in Central Evia, instead indicating a supradetachment setting for all phases of
basin formation. Although the exhumed crust of the Attic-Cycladic Complex underwent a
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prolonged history of deformation and metamorphism since at least Eocene time, the final stage
of brittle detachment faulting and rapid exhumation initiated only around the Early-Middle
Miocene transition.
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Appendix I: Clast descriptions and inferred source terranes
1. Non-metamorphic blue or gray limestone. These clasts are derived from the Middle Triassic-Jurassic
carbonate platform that is present in most paleogeographic terranes of the Hellenides, and which directly
underlies much of the Kymi-Aliveri basin. Shallow water facies dominate, but deeper water facies and
cherty interbeds also occur.
2. Gray to white neritic limestones, rarely bearing rudist fragments. These clasts are derived from the
Upper Cretaceous transgressive carbonate platform, presently exposed on the Mavrovouni range west of
the Kymi-Aliveri basin.
3. Very fine-grained white or violet calcite marble. These clasts appear to be derived from the
characteristically violaceous Triassic section, presently exposed between Metochi and Seta.
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4. Metabasalts and serpentinites. Low grade rocks are derived primarily from the Triassic volcanics of the
Sub-Pelagonian zone (de Bono et al., 1998), and consist of massive to vesicular basalts, felsic tuffs, and
rare gabbros. Higher grade rocks consist of strongly deformed quartz-rich serpentinites and metabasalts
are found in association with the Pelagonian provenance marbles and phyllites. Some serpentinitic clasts
occur in association with clasts derived from the Sub-Pelagonian Paleocene flysch, and represent the
ophiolitic lenses that are tectonically interleaved with the flysch. Due to the difficulty of assigning a
definite provenance for each clast in the field, we group these rocks into a single category.
5. Vein quartz with a green phyllitic rind, interpreted as
6. Arkosic sandstone. Sub-Pelagonian arkoses could be derived from the Permian Ano Mavropoulon Unit
or the Liri Unit, or their lateral equivalents. Similar rocks are commonly associated with Pelagonian
marbles, serpentinites, and phyllites, implying that the Pelagonian source terrane also included a large
component of arkosic sandstones.
7. Fine-grained phyllites of various colors (green, purple, brown, orange, or gray tones), lacking
interfolial quartz bands. These rocks are low grade and are easily differentiated from the fine-grained
variants of the higher-grade Cycladic units.
8. Fine to coarse-grained marble, white or tinged pink, tan, gray, or gray-blue, massive or lineated and
displaying moderate schistosity, without or with very low abundance of mica. Can exhibit strong isoclinal
folding with axes parallel to a lineation; this lineation is primarily an intersection lineation that is very
rarely also a stretching lineation.
9. Dark purple-gray or blue-gray compact quartzites. Known only from clearly Pelagonian-derived
conglomerates.
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10. Compact, dark gray quartzites and quartzitic schists. Probably Pelagonian in provenance, but also
occur in Cycladic-provanance conglomerates.
11. Coarse-grained, steel-blue marbles and cipolines, often exhibiting interfolds of dolomitic or quartz-
rich bands. This distinctive rock type is derived from both the Styra and marble 'olistostromes' in the
Almyropotamos metaflysch.
12. Golden-brown schists and phyllites with interfolial quartz bands, pronounced mineral lineation
defined be preferred orientation of mica and, rarely, amphibole grains.
13. Foliated and lineated, highly fissile, micaceous white quartzites. This distinctive lithology is known
from the Ochi Unit in South Evia. The great fragility of these clasts and their counterparts exposed in
outcrop attest to very short transport distances.
14. Vein quartz: 0.5-3 cm diameter, cloudy quartz pebbles. In the Sub-Pelagonian provenance, vein quartz
is well rounded and is associated with occurrence of altered basalts. Quartz veins are only locally present
in the Sub-Pelagonian thrust stack, where they are primarily associated with the semi-ductile shear zones
(interpreted as normally reactivated thrust faults) affecting the Liri Unit. Quartz veins are abundant in the
schists of South Evia, where they formed by a crack-seal mechanism during stretching in brittle-ductile
conditions.
Figure captions
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Figure 1. Generalized geology of Central Greece and the western Attic-Cycladic Complex.
Structure and greenschist facies kinematics after Papanikolaou (1978) Walcott and White (1998),
Avigad et al (2001), Photiades et al. (2001, 2006), Mehl et al. (2007), Ziv et al. (2009), Xypolias
et al. (2010), Igleseder et al. (2011), and Jolivet et al. (2010). The Middle Unit and the Ochi-
Makrotantalon Units belong to the CBGU.
Figure 2. Simplified geological map of the Kymi-Aliveri basin from new field mapping.
Generalized basin stratigraphy (inset) is shaded by dominant clast provenance type.
Abbreviations in box at lower right indicate the names of villages referred to in the text.
Figure 3. Field examples of the three clast provenances within the Kymi-Aliveri basin. A)
Nonmetamorphic limestones and basalts of the Sub-Pelagonian provenance, B) Greenschist
facies marbles, serpentinites, and subordinate mixed lithologies of the Pelagonian provenance, C)
Greenschist and retrogressed blueschist facies phyllites, schists, and marbles of the South Evia
provenance.
Figure 4. Field photographs of the Latas and Dendra Formations. A, B) Steeply-dipping,
oligomictic conglomerates of the Latas Formation exposed along the southeastern margin of the
Kymi-Aliveri basin C) Well-rounded braided stream conglomerates of the Dendra Formation
exposed in Kastrovalla Valley.
Figure 5. Field photographs of the Kymi Formation. A) Marginal lacustrine marls and lignitic
green clays of the Kazarma Member, Kastrovalla Valley. B) Laminated marls and gray clays of
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the Aghia Marina Member, Kymi Beach. C) Rip-up clasts in deep-water lacustrine turbidites of
the lower Andronianoi Member, Kymi Beach. D) Sandy marls of the uppermost Andronianoi
Member, Oxylithos village. E) Massive, sand-free marls of the middle Andronianoi Member,
Kymi Beach.
Figure 6. Tracing of a field photograph showing a large slump deposit within the Andronianoi
Formation near Stomio Beach. Red arrows show bedding pinchouts, and axes of soft-sediment
folds are approximately parallel to view direction. View is to the south, and the inferred flow
direction is left to right. Hammer for scale.
Figure 7. A-C) Stratigraphic column and field photographs showing coarsening upward trend in
the Octonii Formation and the transition from subaqueous fan-delta deposits to subaerial distal
and finally proximal alluvial fan deposits. Height of outcrop in lowest picture is 4 meters. D)
Nodular white cherts of the Kremastos Formation. E) Tufa-cemented fluvial gravel
conglomerates of the Kremastos Formation.
Figure 8. Logged stratigraphic columns from three representative sections of the lower Mantzari
Group, showing interpreted depositional environments. Symbols are from legend in Figure 15.
Figure 9. Field photographs of deltaic facies of the Avra Formation. A) Flame (asymmetric load)
structures developed along the contact between muddy silts and a coarse sand event bed. B)
Delta-top ripple cross-stratified siltstones. C) Delta-top ripple cross-stratified siltstones
interbedded with suspension fallout mudstones D) Pro-delta lacustrine stromatolitic limestones
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interbedded with finely laminated, organic-rich mudstone. E) Planar-laminated sandstones and
trough cross-stratified pebble conglomerates in delta-top distributary facies.
Figure 10. Field photographs and logged stratigraphic colums from the Aghios Loukas
Formation. A) View looking southeast of the three members of the Aghios Loukas Formation. B)
Alluvial fan conglomerates and sandstones exhibiting common paleosol development, Aghios
Loukas Member B.
Figure 11. Map of measured paleocurrent directions and radial diagrams indicating clast
provenance composition. Rose diagrams are plotted on left for sites with large numbers of
paleocurrent direction measurements. Arrows reflect the average of between 1 and 5
measurements. Provenance diagrams show relative proportion of clasts for 14 distinct lithologies
(inset), derived from clasts counts with N<50 counts at each site. Lithology descriptions are
given in Appendix II. Dotted circles on radial diagrams indicate the radius of 5%.
Figure 12. U/Pb concordia diagrams showing thorium-corrected CA-ID-TIMS dates from
individual zircon grains, excluding much older dates from zircons that are interpreted as
xenocrystic (full results are presented in Table 1). Unfilled ellipses indicate results that are
excluded from the final weighted mean date, which is interpreted as the igneous crystallization
age. KEB06-01: Oxylithos dacite (Unit 1). KEB06-12: Orion rhyolite clast. KEB07-15: Orion
welded tuff. KEB08II-A1: Kymi Beach airfall-waterfall tuff. KEB10-Al: Konistres airfall-
waterfall tuff. KEB1O-A3: Oxylithos dacite (Unit 2).
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Figure 13. Geological maps of the Oxylithos (A) and Orion (B) volcanic centers. Locations of
geochronology samples are indicated. Numbers indicate the locations of the accompanying field
photographs: 1) Corrugated intrusive contact between the Oxylithos dacite and metamorphosed
and sheared lacustrine marls of the Andronianoi Member of the Kymi Formation. Sample
KEB06-01 was collected from this outcrop. 2) Breccia zone along the margin of the Oxylithos
intrusive body, interpreted by Kokkalas (2001) as a thrust fault. Kinematics indicate dacite-up
motion, interpreted as reflecting the emplacement process of the inflationary subvolcanic dome.
3) Conglomerate clot within the lower agglomerate of the Orion pyroclastic unit. Clasts are
derived primarily from the Koustoumalou Formation. 4) Coarse-grained, locally weakly welded
crystal tuff bed within the ashy Spilia-Orion pyroclastic ejecta deposit that can be traced laterally
into the Orion maar crater.
Figure 14. Lithological and magnetic stratigraphy of the Kymi Formation along Section A
(symbols are from legend in Figure 16). Data points on the magnetostratigraphy are tilt-corrected
site mean directions, which are also shown in the accompanying stereonet. Inset (starred) shows
the detailed stratigraphy of the open-water turbidites exposed along Kymi Beach.
Figure 15. Lithological and magnetic stratigraphy of the Kymi Formation along Section B
(Stomio). Stereonet shows the distribution of accepted site-mean directions after tilt correction.
Symbols in legend apply to all stratigraphic columns in this paper.
Figure 16. Details of paleomagnetic measurements. A) Representative Zijderveld
demagnetization diagrams of normal (left) and reversed (middle and right) specimens, showing
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ChRM vectors fit to origin-trending or nearly origin-trending demagnetization paths (arrows). B)
Example site mean calculations for a normal-polarity (top) and a reversed-polarity (bottom) site,
showing combination of linear and great circle constraints (McFadden and McElhinny, 1988). C)
Equal area stereograms of site mean directions from sections A and B, uncorrected (left) and
corrected (right) for structural tilt overlaid on the results of a parametric fold test (Tauxe, 2010).
Dashed lines indicate variation of the maximum eigenvalue of the orientation matrix (t1) with
percent unfolding for bootstrapped datasets. The green curve is the cumulative distribution
function for Ti from all bootstrapped datasets, and the blue dashed lines indicate the region of
95% confidence. Maximization of the 11 is achieved between 100 and 132% untilting.
Figure 17. Schematic diagram showing relationships between stratigraphic units and 206Pb/23 8U
zircon ages in the Kymi-Aliveri basin plotted against the geomagnetic polarity timescale of Gee
and Kent (2007). The proposed correlations of magnetic polarity intervals observed in Sections
A and B are indicated.
Table captions
Table 1. Complete U/Pb zircon data from Miocene volcanics of the Kymi-Aliveri basin. Caption
is included in Figure 12.
Table 2. Paleomagnetic site mean directions for Section A. HAD: height above datum; N(l):
sumber of line fits; N(p): number of plane fits; Dg/Ig: ChRM declination/inclination prior to tilt
correction; Ds/Is: ChRM declination/inclination after restoration of bedding dip to horizontal;
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a95: Angle of 95% confidence of Fisher mean direction; k: Fisher precision parameter on tilt-
corrected data; Q: site quality rating as defined in text.
Table 3. Paleomagnetic site mean directions for Section B. HAD: height above datum; N(l):
sumber of line fits; N(p): number of plane fits; Dg/Ig: ChRM declination/inclination prior to tilt
correction; Ds/Is: ChRM declination/inclination after restoration of bedding dip to horizontal;
a95: Angle of 95% confidence of Fisher mean direction; k: Fisher precision parameter on tilt-
corrected data; Q: site quality rating as defined in text.
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Composition Isotopic Ratios Dates [Ma]
Fraction Th/U Pb* (b) Pbc (') Pb'/Pbc ( 0Pb/lPb (e) 2xPbP*U (g ±20 207Pb/5U ( ±2o 2 07Pb/?Pb(±) ±2o 2m±Pb/238U (9h)±2 20 7pbP3U (h) ±2o 207 Pb/Pb ( -) ±2a Corr.
[pg1 [pg] [%] [%] [1%] [abs.] [abs.] [abs.] coef.
KE806-01: Zircon
GPS:
z1 0.84 1.0 0.58 1.72 112.3 0.00219 0.510 0.014 7.28 0.047880 6.893 14.10 0.07 14.57 1.1 93.4 163.3 0.78
z2 0.40 1.1 0.32 3.57 237.0 0.00286 0.230 0.019 3.26 0.048344 3.099 18.44 0.04 19.20 0.6 116.1 73.1 0.73
z3 0.50 1.3 0.53 2.38 160.5 0.00220 0.348 0.015 4.80 0.049720 4.531 14.18 0.05 15.21 0.7 181.9 105.6 0.80
z6 0.48 1.4 0.21 6.29 397.1 0.00219 0.203 0.014 2.78 0.046261 2.638 14.09 0.03 14.08 0.4 11.2 63.5 0.73
z7 0.79 2.4 0.41 5.92 346.9 0.00219 0.218 0.014 2.75 0.046169 2.628 14.08 0.03 14.04 0.4 6.4 63.3 0.61
z8 0.97 4.6 1.02 4.49 256.4 0.00219 0.288 0.014 2.97 0.048022 2.754 14.09 0.04 14.60 0.4 100.4 65.1 0.82
z9 0.57 2.6 0.24 10.72 648.7 0.00219 0.156 0.014 1.31 0.046470 1.207 14.11 0.02 14.16 0.2 22.1 29.0 0.78
z10 0.35 4.2 0.28 14.99 951.9 0.00219 0.115 0.014 1.11 0.046256 1.053 14.10 0.02 14.08 0.2 11.0 25.3 0.56
KEB06-12: Zircon
GPS:
z1 0.17 0.7 0.40 1.74 132.3 0.00214 0.422 0.014 7.20 0.046271 6.879 13.76 0.06 13.75 1.0 11.8 165.4 0.77
z3 0.28 0.7 0.27 2.80 196.4 0.00214 0.332 0.014 5.65 0.046078 5.438 13.80 0.05 13.73 0.8 1.7 131.0 0.68
z4 0.16 5.0 0.68 7.34 500.2 0.00214 0.147 0.014 1.69 0.047157 1.595 13.78 0.02 14.03 0.2 57.2 38.0 0.68
z5 0.13 3.0 0.30 10.21 692.0 0.00293 0.060 0.022 1.27 0.053527 1.265 18.84 0.01 21.70 0.3 351.2 28.6 0.18
z6 0.08 5.1 0.23 21.63 1477.9 0.00214 0.086 0.014 0.69 0.046732 0.668 13.79 0.01 13.91 0.1 35.5 16.0 0.36
z7 0.31 7.3 0.22 32.64 1899.3 0.01838 0.103 0.391 0.23 0.154360 0.173 117.39 0.12 335.20 0.7 2394.8 3.0 0.71
z8 0.19 2.6 0.41 6.22 421.4 0.00327 0.300 0.023 1.98 0.052070 1.846 21.03 0.06 23.55 0.5 288.5 42.2 0.50
z9 0.06 55.7 0.36 152.93 10151.6 0.09276 0.052 0.914 0.11 0.071501 0.116 571.84 0.28 659.44 0.5 971.8 2.4 0.09
z1O 0.64 1.1 0.29 3.82 238.4 0.00214 0.256 0.014 3.82 0.046914 3.663 13.80 0.04 13.98 0.5 44.9 87.5 0.67
KEB07-1 5: Zircon
GPS:
z1 0.08 5.6 0.42 13.38 920.5 0.00214 0.100 0.014 0.99 0.047522 0.945 13.81 0.01 14.17 0.1 75.6 22.5 0.52
z2 0.16 0.6 0.42 1.54 118.5 0.00420 0.701 0.034 6.47 0.058939 5.928 27.04 0.19 34.11 2.2 564.9 129.1 0.80
z3 0.19 1.1 0.33 3.20 226.6 0.00217 0.288 0.015 4.09 0.048521 3.875 13.98 0.04 14.65 0.6 124.8 91.2 0.78
z4 0.05 2.1 0.24 8.82 618.2 0.00214 0.109 0.014 1.69 0.047006 1.608 13.81 0.02 14.01 0.2 49.5 38.4 0.75
z5 0.08 7.5 0.32 23.47 1602.2 0.00215 0.076 0.014 0.60 0.046898 0.586 13.81 0.01 13.99 0.1 44.0 14.0 0.23
z6 0.26 4.2 0.62 6.75 448.4 0.04990 0.376 0.362 1.99 0.052551 1.817 313.93 1.15 313.40 5.4 309.4 41.4 0.54
z7 0.11 0.8 0.46 1.74 133.8 0.00217 0.486 0.015 6.79 0.050457 6.422 14.00 0.07 15.24 1.0 216.1 148.7 0.78
z8 0.05 5.5 0.51 10.86 757.7 0.00214 0.123 0.014 1.54 0.046187 1.454 13.81 0.02 13.77 0.2 7.4 35.0 0.69
z9 1.01 26.1 0.31 83.55 4423.1 0.03440 0.059 0.239 0.23 0.050344 0.198 218.04 0.13 217.43 0.4 210.9 4.6 0.55
z1O 0.41 2.9 0.52 5.52 355.6 0.03319 0.270 0.244 2.44 0.053322 2.283 210.49 0.56 221.71 4.9 342.5 51.7 0.63
KEBOS-A20: Zircon
GPS:
z1 0.53 9.2 0.86 10.75 651.8 0.09309 0.359 0.768 1.12 0.059833 0.991 573.77 1.97 578.59 4.9 597.5 21.5 0.49
z2 0.63 5.2 0.51 10.32 614.1 0.04864 0.317 0.352 1.29 0.052488 1.141 306.14 0.95 306.21 3.4 306.7 26.0 0.56
z3 0.26 7.5 0.64 11.68 753.7 0.01656 0.129 0.148 0.81 0.064912 0.746 105.85 0.14 140.30 1.1 771.5 15.7 0.54
z4 0.41 24.9 0.49 51.23 3148.3 0.04972 0.114 0.360 0.42 0.052492 0.398 312.80 0.35 312.10 1.1 306.9 9.1 0.35
KEB0II-A1: Zircon
GPS:
z1 0.50 1.3 0.61 2.18 148.2 0.00238 0.378 0.016 5.65 0.048234 5.368 15.34 0.06 15.97 0.9 110.8 126.7 0.77
z2 0.56 2.3 0.59 3.90 247.8 0.00238 0.243 0.015 3.32 0.047130 3.141 15.30 0.04 15.56 0.5 55.8 74.9 0.77
z3 0.46 1.8 0.53 3.35 221.2 0.00239 0.220 0.016 3.53 0.047298 3.385 15.37 0.03 15.68 0.5 64.3 80.6 0.71
z4 0.37 1.8 0.48 3.86 257.3 0.00238 0.215 0.015 3.37 0.046885 3.211 15.33 0.03 15.51 0.5 43.4 76.8 0.78
z5 0.56 0.8 0.31 2.42 160.4 0.00239 0.343 0.016 7.10 0.048443 6.855 15.36 0.05 16.05 1.1 121.0 161.5 0.75
KEB10-A1: Zircon
GPS:
z1 0.52 0.4 0.35 1.21 90.4 0.00239 0.940 0.015 14.10 0.046528 13.301 15.38 0.14 15.44 2.2 25.1 319.1 0.86
z2 0.80 0.4 0.55 0.66 54.5 0.00240 2.003 0.016 22.46 0.049660 20.576 15.45 0.31 16.54 3.7 179.1 479.6 0.95
z3 0.53 0.2 0.68 0.26 33.7 0.00243 2.976 0.018 49.58 0.053386 47.186 15.64 0.47 18.00 8.8 345.2 1067.5 0.82
z4 0.53 0.2 0.65 0.33 37.8 0.00246 2.563 0.019 32.52 0.057417 30.467 15.82 0.40 19.56 6.3 507.6 670.1 0.82
z5 0.35 1.0 0.69 1.41 106.1 0.00238 1.224 0.015 14.23 0.046775 13.140 15.33 0.19 15.48 2.2 37.8 314.5 0.90
z6 0.42 0.3 0.55 0.60 55.2 0.00238 1.537 0.013 28.82 0.040849 27.600 15.30 0.23 13.50 3.9 -297.0 705.0 0.81
z7 0.54 0.7 0.55 1.37 99.4 0.00239 0.752 0.016 12.69 0.047061 12.056 15.38 0.12 15.62 2.0 52.3 287.7 0.86
KEBIO-A2: Zircon
GPS:
z1 0.20 4.7 0.41 11.37 754.2 0.04886 0.106 0.367 0.89 0.054519 0.832 307.51 0.32 317.63 2.4 392.5 18.7 0.62
z2 0.18 19.8 0.32 61.98 4028.6 0.09511 0.097 0.790 0.32 0.060252 0.286 585.70 0.54 591.25 1.4 612.6 6.2 0.46
z3 0.41 0.6 0.25 2.45 168.5 0.00220 0.730 0.015 11.07 0.048140 10.389 14.17 0.10 14.72 1.6 106.2 245.5 0.93
z4 0.42 5.7 0.43 13.23 819.6 0.08501 0.535 0.722 1.10 0.061579 0.904 525.96 2.70 551.72 4.7 659.5 19.4 0.57
KEB10-A3: Zircon
GPS:
z1 0.72 2.3 0.24 9.76 569.8 0.00219 0.139 0.014 1.54 0.046794 1.468 14.11 0.02 14.25 0.2 38.7 35.1 0.62
z2 0.77 1.3 0.40 3.17 195.1 0.00219 0.304 0.014 4.32 0.046727 4.112 14.08 0.04 14.21 0.6 35.3 98.5 0.73
z3 0.21 0.5 0.28 1.92 142.3 0.00220 0.488 0.015 6.94 0.048326 6.524 14.14 0.07 14.75 1.0 115.3 153.9 0.86
z6 0.68 1.3 0.81 1.67 113.1 0.00219 0.488 0.014 8.07 0.047595 7.693 14.09 0.07 14.48 1.2 79.2 182.7 0.80
z7 0.28 21.6 0.25 87.68 5551.7 0.02102 0.180 0.161 0.35 0.055702 0.251 134.11 0.24 151.98 0.5 440.5 5.6 0.74
z8 0.61 1.2 0.21 5.59 342.8 0.00219 0.197 0.014 2.56 0.046755 2.429 14.10 0.03 14.24 0.4 36.7 58.2 0.72
z9 0.98 2.8 0.18 15.17 822.2 0.00219 0.147 0.014 1.40 0.046206 1.356 14.11 0.02 14.07 0.2 8.4 32.6 0.51
Blank composition 20 Pb04Pb = 18.24 ± 0.21: 207Pb/ 04Pb = 15.34 ± 0.16; "Pb/2 4Pb = 37.35 ± 0.20
(a) Th contents calculated from radiogenic 2mPb and the 201Pb/2m Pb date of the sample, assuming concordance between U-Th and Pb systems.
(b) Total mass of radiogenic Pb.
(c) Total mass of common Pb.
(d) Ratio of radiogenic Pb (including 'Pb) to common Pb.
(e) Measured ratio corrected for fractionation and spike contribution only.
(f) Measured ratios corrected for fractionation, tracer, blank and initial common Pb.
(g) Corrected for Initial Th/U disequilibrium using radiogenic 20 Pb and Th/U [magma] = 2.8
(h) Isotopic dates calculated using the decay constants A\3 = 1.55125E-10 and A235 = 9.8485E-10 (Jaffey et al. 1971).
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Table 2. Paleomagnetic site mean directions for Section A
Site HAD (m) N (I) N (p) Dg (0) Ig (*) Ds (0) Is (0) a95 (0) k Q
KYS17 658 1 6 218.3 -0.6 210 -50.5 11.26 67.52 2
KYS16 647 6 0 208.2 -6.5 195 -47.3 4.64 209.11 1
KYS15 632 1 6 179.8 -61.4 101.8 -64.8 11.47 45.45 3
KYS14.5 625 0 0 - - - - - - -
KYS14 613 6 0 223 -1.5 221.2 -50.4 17.52 15.58 2
KYS13 590 7 0 215.3 -19.8 203 -52.2 9.31 43.02 1
KYS12 558 8 0 22.7 36.8 12.8 68.1 4.09 184.74 1
KYS11.5 553 0 0 - - - - - - -
KYS11 545 9 0 58.4 26.4 37.6 58.3 2.64 381.62 1
KYS10 529 5 0 34.7 30.8 41.9 67.1 7.11 116.81 1
KYS9 523 1 4 64.5 -48.4 54 -16.8 60.18 3.96 4
KYS8 517 7 2 220.3 1.7 219.4 -34.2 8.66 41.87 1
KYS7.5 508 2 2 188.6 -4.5 181.2 -32.6 14.44 73.96 1
KYS7 491 3 1 205 -3.4 201.6 -31.5 16.6 56.23 1
KYS6 473 1 6 207.5 17.8 208 -10.3 11.21 68.16 2
KYS5 458 1 3 205.4 -33.9 201.8 -52.6 27.24 35.06 2
KYS4 438 1 6 214.6 5 214.9 -19.9 9.19 70.29 2
KYB3 434 1 4 212.4 -6.5 208.5 -35 18.01 34.45 2
KYS3 431 5 0 201.9 -3 197 -31.3 21.99 10.45 3
KYB1 416 5 0 226.8 -25.6 225.8 -45.5 13.22 27.58 1
KYB2 411 6 0 213.6 -23.6 207.4 -47.2 7.04 76.26 1
KYB17 408 6 0 190.3 2.1 187 -36.7 9.1 55.11 1
KYB16 404 0 0 - - - - - - -
KYS2 398 4 1 206.3 -8.6 204 -42.3 17.62 23.21 2
KYB14 396 4 0 194.9 -10.6 190.3 -50 13.62 46.45 2
KYB12.5 373 6 0 234.8 -3.5 227 -54.1 3.72 325.68 1
KYB12 362 4 0 194.9 -10.6 190.3 -50 13.62 46.45 2
KYS1 350 4 0 214.7 -15.4 224 -50 3.25 799.14 1
KYB11 339 1 0 193.1 -29.9 185.7 -59.1 N/A N/A 3
KYB10 329 6 0 202.7 3 204.8 -25.3 6.3 114.16 1
KYB9 322 0 0 - - - - - - -
KYB8 311 5 0 75 -4.9 77.4 12.1 35.84 4.74 3
KYB7 303 4 0 242.6 -3.3 247.5 -35.8 15.83 34.66 2
KYB6 300 4 0 223.6 -6.1 223.9 -41.1 20.36 21.33 2
KYB5 250 3 0 231 -3.6 234.6 -26.2 13.49 84.54 2
KYB4 241 5 1 236.9 -51.2 236.9 -51.2 15.17 23.03 2
KYN28 227 5 1 205.8 -24.1 202 -42.2 7.41 93.51 1
KYN27 219 4 1 206.1 -24.1 201.8 -39.7 8.88 88.62 1
KYN26 212 0 3 222.1 -34.6 234.7 -55.1 46.82 421.68 3
KYN25 205 0 5 97.1 -60.8 12 23.3 18.56 45.2 2
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KYN24 197 5 3 26.1 31.5 21.8 59.1 6.56 94.46 1
KYN23 192 0 5 14.4 31.7 5.9 55.3 5.1 964.66 1
KYN22 183 2 1 35.7 34.1 37.6 59.1 19.18 69.43 2
KYN21 172 1 0 35.8 28.7 43.8 55.3 N/A N/A 3
KYN20 167 3 1 27 32.6 31.2 59.3 8.05 168.31 1
KYN19 147 4 0 17.4 10.8 14.1 39 19.35 23.51 2
KYN18 143 4 0 28.6 20.6 28.1 42.5 4.34 449.69 1
KYN17 135 5 0 18 19.2 17.6 40.2 4.67 269.19 1
KYN16 131 8 0 13 35.1 25.7 55.9 3.47 255.2 1
KYN15 129 5 3 20.2 36.3 22.1 58.3 7.05 81.91 1
KYN14 110 7 0 14 36.3 8.9 63 3.72 264.13 1
KYN13 100 6 0 6.7 6.2 5.6 27.9 10.57 41.14 1
KYN12 88 6 0 189.6 -21.6 186 -48.2 5.72 138.02 1
KYN11 85 1 6 202.3 -14.6 205.1 -41.1 14.21 42.75 2
KYN10 80 1 4 194.5 -7.7 193 -33.4 23.04 29.69 3
KYN9 74 5 0 201.3 -31.5 200.1 -51.4 2.67 824.27 1
KYN8 71 0 5 186.2 -52 167.1 -71.9 8.12 381.56 1
KYN7 67 6 1 213.5 -17.4 215.8 -40 10.63 36.57 1
KYN6 63 4 0 192 -16.5 187.3 -38.8 13.56 46.88 1
KYN5 60 2 0 209.5 -16.9 210.1 -40.9 9.1 754.58 2
KYN4 57 1 3 128.7 -5.6 125 -15.9 4.15 1454.83 2
KYN3 51 1 4 196.4 -24.6 196.7 -45.6 4.08 913.61 2
KYN2 44 1 2 110.9 -24.1 101.2 -15 35.23 52.38 3
KYN1 38 3 0 40 39.6 46.1 59 11.47 77.78 1
Table 3. Paleomagnetic site mean directions for Section B
Site HAD (m) N (I) N (p) Dg (0) Ig (0) Ds (0) Is (0) a95 (0) k Q
PAR25 433 3 0 185.4 -61.8 203.9 -70.9 3.9 669.3 1
PAR24 428 5 0 183.3 -67.1 188.5 -69.3 6.4 144.8 1
PAR23 423 5 1 160.5 -52.6 181.4 -61.8 4.1 301.7 1
PAR22 419 6 0 33.6 65.5 196.3 74.1 2.7 628.5 1
PAR21 413 6 0 49.4 54 54.8 51.1 2.5 698.8 1
PAR20 408 6 0 318.4 57.4 351.2 54.1 3.0 496.4 1
PAR19 403 6 0 353.1 55 18.7 57.7 3.7 329.2 1
PAR18 401 6 0 1.4 49 19 49.6 4.3 243.8 1
PAR17 395 6 0 22.6 59.1 34.4 60.5 1.9 1267.0 1
PAR16 389 6 0 30.8 57.3 34.8 55.9 5.5 149.5 1
PAR15 385 3 0 32.8 50.7 43.6 49.6 8.0 160.9 1
PAR14 373 0 5 198.7 -56.8 174.8 -57.4 2.9 3069.0 1
PAR13 357 2 0 194.4 -77.4 198.6 -83.4 N/A N/A 3
PAR12 390 5 0 350.8 61.5 17.7 67.9 2.9 697.4 1
PAR11 383 5 0 21.3 50.6 35.3 46.4 7.8 98.5 1
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Abstract
New paleomagnetic data from Early Miocene to Pliocene terrestrial sediments and
volcanics in Central Greece constrain the history of vertical-axis rotation along the central part of
the western limb of the Aegean arc. The present-day pattern of rapid block rotation within a
broad zone of distributed deformation linking the right-lateral North Anatolian and Kephalonia
continental transform faults initiated after Early Pliocene time, resulting in a uniform clockwise
rotation of 24.3 ± 6.5' over a region >250 km long and >150 km wide encompassing Central
Greece and the western Cycladic archipelago. Because the published paleomagnetic dataset
requires clockwise rotations of >50' in Western Greece after -17 Ma, while our measurements
resolve no vertical-axis rotation of Central Greece between -15 Ma and post-Early Pliocene
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time, the large-magnitude clockwise rotation of Western Greece must have occurred during the
main period of contraction within the external thrust belt of the Ionian Zone between ~17 and
~15 Ma. Pliocene initiation of rapid clockwise rotation in Central and Western Greece reflects
the propagation of the North Anatolia-Kephalionia Fault system through the previously
extending Aegean Sea region in response to entry of dense oceanic lithosphere of the Ionian Sea
into the Hellenic subduction zone and consequent accelerated slab rollback. The development of
the Aegean geometric arc therefore occurred in two short-duration pulses characterized by rapid
rotation and strong regional deformation.
1. Introduction
Slab retreat resulting from high rates of buoyancy-driven subduction within a broader
context of slow plate convergence has been proposed as the primary cause of orogenic curvature
in the circum-Mediterranean region (Faccenna et al., 2004; Rosenbaum and Lister, 2004;
Royden, 1993; Royden and Husson, 2009). The expanding interior regions of these arcuate
mountain belts (Figure 1) are commonly occupied by crustal blocks that were laterally displaced
from adjacent regions of continent-continent collision along lithospheric-scale strike slip faults
(Ustaszewski et al., 2008; van Hinsbergen et al., 2008a). Paleogeography therefore appears to
largely dictate the style and tempo of crustal deformation along complex collisional boundaries.
In the case of the Aegean region, the long-term tectonic development of the Hellenic arc
has been linked to the paleogeography of the northward-subducting Nubian-Arabian lithospheric
plate (Jolivet and Brun, 2010; Papanikolaou and Royden, 2007; Royden and Papanikolaou,
2011). In this model, entry of very negatively-buoyant Ionian Sea oceanic lithosphere into the
Hellenic trench increased the rate of subduction south of the island of Kephalonia, resulting in
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rapid trench retreat and fragmentation of the overriding plate. Coincident with crustal extension
in the Aegean Sea, Anatolia moved westward away from the Arabian-Eurasian continental
collision zone along the dextral-sense North Anatolian Shear Zone (Sengor et al., 2005). This
region therefore contains each of the major tectonic components that characterize the small
circum-Mediterranean orogens and has been an incubator for tectonic and geodynamic concepts
relating subduction dynamics to continental tectonics.
The Hellenic geometric arc (in contrast with the active volcanic arc) is defined by a
topographic and bathymetric high that extends over a distance of -1500 km from northern
Albania to western Anatolia, paralleling the trend of accreted crustal tracts and the Hellenic
bathymetric trench (Figure 1, dashed box). Long-term, buoyancy-driven rollback of a continuous
African lithospheric slab away from Europe is commonly inferred from the geological record of
underthrusting and subsequent exhumation of rocks exposed in the Aegean upper plate
(Faccenna et al., 2004; Jolivet and Brun, 2010; van Hinsbergen et al., 2005b). While the most
internal tectonic units were attached to stable Europe for at least the last 35 million years (Myr)
and therefore rotated slowly clockwise (Besse and Courtillot, 2002), the accreted crust of the
External Hellenides thrust belt moved northward with the Nubian plate without significant
rotation and was progressively accreted to the southern margin of the Eurasian plate (Jolivet and
Brun, 2010). The record of displacement and rotation of these rocks since Cretaceous time is
therefore central to understanding the complexities of this long-lived intra-plate convergence
zone.
Due to the geocentric axial dipolar nature of the time-averaged geomagnetic field, the
direction of paleomagnetic remanence preserved in sedimentary and igneous rocks provides a
time-integrated, spatially-distributed record of vertical-axis rotation and latitudinal translation of
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Earth's crust that allows geometric reconstruction of regions of complex crustal deformation
through time (Weil and Sussman, 2004). These reconstructions provide an essential element of
time control to geodynamical models that seek to explain the tectonic evolution of subduction-
bounded collisional belts in terms of fundamental physical processes (Cifelli et al., 2008;
Dupont-Nivet et al., 2005; Kissel, 2003; Papanikolaou and Royden, 2007; Platt, 2007). Because
the primary causes of vertical-axis rotation are global plate motion, bending of collisional belts
into continuous or segmented oroclines, and rotation of internally rigid blocks within diffuse
transcurrent fault systems, paleomagnetic data are uniquely suited for unraveling the record of
crustal deformation in a variety of overriding plate settings.
Paleomagnetic declinations preserved within imbricated Cretaceous through Miocene
sedimentary rocks exposed within the External Hellenides (Figure 2; WG) exhibit a consistent
pattern of large-magnitude, clockwise-sense vertical-axis rotation (Broadley et al., 2006; Homer
and Freeman, 1983; Kissel et al., 1986a; Kissel and Laj, 1988; Mauritsch et al., 1996; Speranza
et al., 1992; van Hinsbergen et al., 2005a; van Hinsbergen et al., 2006). This rotation locally
exceeds 500 and is thought to reflect extensional decoupling of the frontal thrust belt from the
stable, non-rotating back-arc region (Figure 2; RH) during accelerated rollback of the subducting
African lithospheric slab away from the stable Eurasian plate since Middle Miocene time (Brun
and Sokoutis, 2007; Jolivet and Brun, 2010; Ring et al., 2010; Royden and Papanikolaou, 2011;
van Hinsbergen et al., 2005a; van Hinsbergen et al., 2008b). Further evidence for large-scale
rotation in the overriding plate arising from retreat of the Hellenic slab comes from Western
Anatolia (Figure 2; WA), where counter-clockwise vertical-axis rotations were accommodated
by crustal extension within the Menderes metamorphic complex (van Hinsbergen et al., 2010).
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At present, the northern Aegean Sea and the Greek mainland are transected by a complex
system of strike-slip and normal faults that accommodate rapid westward-to-southwestward
motion of western Anatolia and the south Aegean with respect to Eurasia (Angelier et al., 1982;
Dewey and Seng5r, 1979; Floyd et al., 2010; McClusky et al., 2000; Reilinger et al., 2010;
Reilinger et al., 2006). Right-lateral slip is transferred from the North Anatolian Fault system
through the North Aegean Trough (Le Pichon, 2003; Papanikolaou et al., 2002), into the
extensional province of Central Greece (Mckenzie and Jackson, 1983; Roberts and Jackson,
1991), and finally through the right-lateral Kephalonia and Achaia faults into the rapidly
retreating, northeast-vergent Hellenic subduction zone (Vassilakis et al., 2011). This diffuse
crustal shear zone is characterized by rapid (-2-4/Myr) clockwise rotations as inferred from
high-density geodetic data (Floyd et al., 2010; Nyst and Thatcher, 2004). Paleomagnetic data
from Late Miocene and Pliocene sediments exposed on the Ionian Islands show that the modern
pattern of rapid clockwise rotation initiated in this region during Pliocene time, coincident with
reactivation of thrusting along the western edge of the Ionian Zone (Duermeijer et al., 1999;
Kissel et al., 1986b; Kondopoulou and Caputo, 1997; Laj et al., 1982; van Hinsbergen et al.,
2005a).
The net Neogene clockwise rotation at a given locality in western Greece is therefore
primarily the sum of two rotations - a large-scale rotation related to arc formation and a more
localized, transform-related rotation that accentuated the previously established geometric arc.
Unfortunately, the spatial distribution of Middle Miocene to Pleistocene sediments and volcanics
is generally insufficient to constrain the last 15 Myr of rotation at a given locality. In the External
Hellenides thrust belt, Cretaceous through Early/Middle Miocene sediments are abundant;
however, the unconformably overlying sedimentary sequences are primarily Plio-Pleistocene in
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age. In the Internal Hellenides, and particularly the northern Pelagonian Zone, Oligo-Miocene
sediments are restricted to the Mesohellenic Trough and the Neogene terrestrial basins are of
latest Miocene and Pliocene age. The result of this incomplete data coverage is a persistent
uncertainty in the duration and distribution of crustal rotation that transfers into uncertainties in
the evolution of causative geodynamic forces in the region.
Right-lateral shearing along the North Anatolian and Kephalonia-Achaia continental
transform fault systems is taken up by nearly equal components of northeast (NE)-southwest
(SW) directed shortening and northwest (NW)- southeast (SE) directed dilation, and extensional
basins are therefore not commonly developed or subaerially exposed in these regions (Floyd et
al., 2010). In contrast, the intermediate region of Central Greece is deforming solely by north
(N)- south (S) directed extension accompanied by rapid vertical-axis block rotation in a
clockwise sense (Floyd et al., 2010; Mckenzie and Jackson, 1983). This largely subaerial
extensional province preserves an abundance of well-exposed, fault-delimited sedimentary
sequences of Early Miocene through Plio-Pleistocene age (Papanikolaou and Royden, 2007).
In this study, we present new paleomagnetic measurements from Early Miocene to
Pliocene terrestrial basins and associated volcanic units in Central Greece, which directly
constrain the history of vertical-axis rotation over the last ~15 Myr. The sampled region has the
appropriate geographic position and stratigraphic record to constrain the large-scale rotation of
the Hellenides and the subsequent development of the trans-Aegean continental transform
system.
2. Paleomagnetic methods
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We sampled five Neogene sedimentary basins and four igneous units in Central Greece
for paleomagnetic analysis (Figure 3). In this study, the term "site" refers to a single sedimentary
bed or continuous outcrop of volcanic rock that is expected to record the instantaneous (averaged
over <1000 years) geomagnetic field direction, while "locality" refers to similarly aged rocks
within a small geographic region (<10 km radius). We collected 2.54 cm diameter cores using a
diamond-bit gasoline-powered drill, with spatial orientation obtained by both magnetic and sun
compasses. All samples were cut into 1.3 cm tall cylindrical specimens using a water-cooled saw
with nonmagnetic blades and were stored in a shielded room (DC field < 200 nT) for one month
prior to analysis to allow decay of viscous remanent magnetizations. Between five to twenty
cores were collected from each site, each yielding one to three oriented specimens. We measured
paleomagnetic remanence using a 2G Superconducting Rock Magnetometer (SRM) 755 in the
MIT Paleomagnetism Laboratory equipped with an automatic sample changer and in-line rock
magnetism instruments (Kirschvink et al., 2008). Specimens with a very low-intensity natural
remanent magnetization (NRM) (<1 x 10-5 A/m) were discarded without further analysis due to
the low probability of isolating a characteristic remanent magnetization (ChRM). We thermally
demagnetized all specimens in a magnetically shielded ASC Scientific oven with an ambient
field intensity of <10 nT and processed the resulting demagnetization data using standard
paleomagnetic software (Cogne, 2003; Jones, 2002; Tauxe et al., 2009). We calculated linear
components from demagnetization trends using the least-squares method of Kirschvink (1980).
Least-squares fits from sedimentary samples were derived from 3 or more (usually 5-9)
temperature steps above 240'C. In the few cases where vector endpoints a) were directionally
clustered between 240-350'C but became erratic above 350'C without revealing an origin-
trending demagnetization path, b) where a low-temperature component had been fully removed,
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and c) where the remanence direction was corroborated by ChRM directions from other
specimens collected from the same outcrop, we forced a linear fit through the 240-350'C cluster
and the origin. In volcanic and plutonic samples, we calculated ChRM directions from linear fits
to 10 or more vector endpoints above 400'C. With the exception of the results from the Kymi
Formation (Bradley, 2012), we did not include great circle paths in our calculated mean
directions due to an observed increased likelihood of incomplete removal of viscous overprints
in these specimens.
To facilitate inclusion of previously published data, we calculated site- and locality-mean
directions using the traditional approach of applying Fisher statistics to paleomagnetic ChRM
directions (Table 1, Supplementary Table 1). We rejected directional outliers that are
inconsistent with the dispersion expected from paleosecular variation using the variable cutoff
method of Vandamme (1994) applied to the combined specimen-level directional dataset at each
locality (30 out of 672 total ChRM directions). These outliers typically occur within stratigraphic
intervals characterized by transitional magnetic polarity. Because the distribution of virtual
geomagnetic poles (VGPs) is commonly more Fisherian than the distribution of paleomagnetic
directions (Deenen et al., 2011), we additionally calculated Fisher mean directions from the VGP
distribution of all high-quality specimen-level demagnetizations at each locality (Supplementary
Table 2). The resulting mean directions typically differ from those of Table 1 by less than 0.5',
while the estimated error intervals on the declination and inclinations (ADx and AIx) are typically
smaller than AD and Al (the 95% confidence intervals estimated by Fisher statistics on ChRM
directions) by 2-3'. For all localities except the igneous units of the Oxylithos volcanics and the
Plaka granodiorite at Lavrion, we find that the apical angle of the region of 95% confidence of
the Fisher mean on VGP directions (A95) lies between A95min and A95max, which are the
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minimum and maximum limits of A95 explicable by the effects of paleosecular variation alone
(Deenen et al., 2011). We assessed the pre-tilting nature of remanence using a basic fold test at
95% confidence level (hereafter termed MFT95) (McElhinny, 1964) and a basic reversal test at
95% confidence level (MRT95) (McElhinny, 1964). Where the number of data points was
sufficient, we applied the parametric reversal test at 95% confidence (PRT95) (Tauxe et al.,
2009) and the parametric progressive unfolding test at 95% confidence (PFT95) (Tauxe et al.,
2009) to site-mean datasets. Locality mean directions were tested for commonality using the
method of McFadden and Lowes (1981) (Supplementary Table 3).
3. Sampling and paleomagnetic results
We next discuss the local geology, age constraints, specific sampling strategy,
paleomagnetic results, and stability tests for each locality. The age constraints for the sampled
basins and previously reported paleomagnetic results in the region are summarized in Figure 4.
Representative demagnetizations are plotted as vector-endpoint orthogonal projections (Figure
5), and site- and locality-mean directions are plotted on equal-area stereonets (Figure 6).
3.1. Late Miocene-Pliocene Markopoulo basin
The Upper Miocene sedimentary sequence of the Markopoulo-Kapandriti region (Figure
3; Ka) consists of debris flow conglomerates derived from the Attic-Cycladic massif, which are
overlain by poorly dated Miocene marls, Upper Miocene (Vallesian) limestones and travertines,
Turolian conglomerates bearing the Pikermian fauna, and Pliocene travertines (Katsikatsos,
2000; Papanikolaou and Papanikolaou, 2007). The basal debris flows are probably correlative
with similar deposits exposed in the Kymi-Aliveri basin in Central Evia, which have an inferred
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Middle Miocene age (<13.5 Ma) based on radiometric dating of pyroclastic ejecta interbedded
with the underlying fluvial sequence (Bradley, 2012).
We sampled four sections within the Vallesian marls and travertinous limestones, with
two sections yielding interpretable demagnetizations and two sections yielding only very weakly
magnetized specimens. The first section is exposed within a large roadcut south of Markopoulo
(MAR14-19), and yielded N = 6 site mean directions. The second section consists of lacustrine
limestones exposed along the coastline west of Aghios Apostoli (MAR21-29), which yielded N =
7 site mean directions. The MAR21-29 site-mean directions pass the MRT95 reversal test in
geographic coordinates, but fail this test after tilt correction. The average in-situ magnetic
inclination (55.3 ± 5.50) is consistent with both the present day locality latitude and the latitude
predicted by regional plate reconstructions; this value increases to an untenably steep 68.0' upon
tilt correction. The limestones therefore appear to carry a post-tilting magnetization, probably
acquired during late diagenesis. While the MARl 4-19 sites yield a locality-mean direction that is
consistent with the other directions reported in this study, we discard these sites from further
consideration due to their large within-site dispersion, overlap with the present-day field
direction, and lack of reversed directions. We calculated a locality mean direction for the
Markopoulo basin from the in-situ MAR21-29 site means, also incorporating the tilt-corrected
site mean previously reported from the Nea Palatia-Kalamos region (Morris, 1995).
3.2. Early-Middle Miocene Kymi Formation
The Kymi Formation is a thick (>700m) sequence of lacustrine marls, siltstones,
sandstones, and limestones that comprise the basal sequence of the Kymi-Aliveri basin (Figure 3;
K) and are well exposed along the northeastern coastline of Evia between Kymi and Stomio
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villages (Aronis; Deprat, 1904). Two composite sections that were previously sampled for
magnetostratigraphy (Bradley, 2012) yielded high-quality demagnetizations (Figs. 5 and 6).
Extrapolation of the inferred high sedimentation rate to the base of the lacustrine section yields
an estimate for the onset of lacustrine deposition at -16.5 ± 0.25 Ma, and the youngest open-
water lacustrine rocks are dated to -15.0 ± 0.25 Ma by correlation with the geomagnetic polarity
timescale supported by radiometric dating of interbedded tephra deposits (Bradley, 2012).
While the full site-mean direction dataset fails the PRT95 reversal test in tilt-corrected
coordinates, imposition of a strict selection criteria of a95 < 5.00 (N= 24; 13 normal, 10 reversed)
yields a positive result (Figure 7C) and a locality mean inclination of 56.8 ± 4.8'. The results of
the PFT95 fold test on the same restricted dataset are consistent with acquisition of
magnetization between 93% and 126% unfolding (Figure 7D); most of this folding is constrained
to be of Middle Miocene age based on the pattern of angular unconformities mapped within the
Kymi-Aliveri basin (Bradley, 2012). The restricted dataset yields an estimated net clockwise
rotation of 23.6 ± 8.7' for the Kymi-Aliveri basin since -15 Ma. This contrasts strongly with
previous estimates of up to ~50' of clockwise rotation derived from much smaller datasets from
the Kymi Formation (Kissel and Laj, 1986a; Morris, 1995).
3.3. Middle Miocene Oxylithos volcanics
The Oxylithos volcanic massif (Figure 3; 0) consists a shallowly intrusive, inflationary
dome of white-green weathering magnesian dacites (Unit 1) that is overlain by potentially
extrusive, red-weathering dacites and andesites (Unit 2) (Barbieri et al., 1998; Bradley, 2012;
Deprat, 1904; Guernet, 1971; Pe-Piper and Piper, 1994). Two Unit 1 dacite samples yielded
2 38U/ 2 06Pb zircon crystallization ages of 14.097 ± 0.011 Ma and 14.105 ± 0.012 Ma (Bradley,
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2012), interpreted as the time of intrusion of Unit 1 to shallow depth and synchronous eruption
of Unit 2.
We sampled 7 sites at three Unit 1 sub-localities (OA, OB, OE) and four sites within two
Unit 2 sub-localities (OC, OF). Samples from each site are located within ~3 m of each other,
while each site is separated by >10-15 m in an effort to sample as much time difference as
possible. All Unit 1 sites exhibit tightly-clustered, univectorial reversed-polarity magnetizations
(Figure 6) that are consistent with previously reported measurements from the intrusive body
(Kissel et al., 1986b; Morris, 1995). The Unit 2 sites also exhibit tightly-clustered reversed-
polarity ChRM directions (Figure 6), but preserve a mean direction that is statistically different
from Unit 1 (Figure 6). The single-component demagnetization paths and tight within-site
clustering of ChRM directions (Fisher precision parameter k > 200 at most sites) indicate that
cooling was rapid enough to record the instantaneous geomagnetic field direction. Several
specimens exhibited multiple reversals in the direction of the removed NRM during thermal
demagnetization that we interpret as self-reversed magnetizations arising from rock magnetic
interaction effects (Nagata et al., 1957; Ozima et al., 1992).
Interpretation of the magnetization of the Oxylithos volcanics is complicated by an
uncertain structural correction and potential undersampling of paleosecular variation. Previous
paleomagnetic studies applied a tilt correction to the Oxylithos volcanics based on an inferred
regional dip for the Kymi Formation under the assumption that the uppermost Kymi Formation
sediments were deposited after emplacement of the volcanics and subsequently tilted (Kissel et
al., 1986b; Morris, 1995). New geological mapping (Bradley, 2012) shows that the intrusive
dacite body truncates an unconformity that cuts tilted lacustrine sediments of the Kymi
Formation, indicating that the dacites were intruded into previously tilted beds. Additionally,
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geochronology and magnetostratigraphy of the Kymi Formation and Oxylithos volcanics shows
that the volcanics postdate the end of lacustrine deposition by >1 Myr (Bradley, 2012). The 56
Oxylithos Unit 1 specimens measured in this study yield an A95 value of 2.20, which is lower
than the A95min value of 3.4' calculated from the formula of Deenen et al. (2011) for this number
of specimens. This suggests that the Unit 1 rocks cooled too quickly to average paleosecular
variation, indicating that the low inclination and large declination compared to the results from
the Kymi Formation could simply reflect rapid acquisition of a non-representative field direction.
Due to these uncertainties, we do not consider the magnetization of the Oxylithos volcanics as
sufficiently reliable for tectonic interpretation.
3.4. Late Miocene Plaka granodiorite stock
The Plaka granodiorite stock in southeastern Attica (Figure 3; PI) was emplaced at
shallow crustal levels within the Attic-Cycladic metamorphic massif as part of the Lavrion
intrusive complex (Skarpelis et al., 2008). The emplacement age of this stock is constrained by
an 8.27 ± 0.11 Ma K-Ar (biotite) cooling age (Altherr et al., 1982) and a U/Pb zircon
crystallization age of 8.20 ± 0.20 Ma for a nearby granodiorite sill (Liati et al., 2009). We drilled
4 sites (n = 40 specimens) in fresh outcrop of non-hydrothermally altered granodiorite located
within an incised gulley at same locality as sample PLK7 in Skarpelis et al. (2008), thereby
avoiding the effects of lightning remagnetization and surficial weathering.
Alternating field and thermal demagnetization are equally efficient for the Plaka
granodiorite specimens (Figure 5). After removal of a weak present-day field overprint by 1 000 C
or 20 mT, all specimens yielded a single origin-trending component, interpreted as a ChRM
acquired during cooling during emplacement. With a single exception, ChRM directions have
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normal polarity and show tight within-site clustering. The resulting locality mean direction is not
significantly different from the present-day field direction (Figure 6). The A95 value of 3.7* is
only marginally smaller than the A95min suggested by Deenen et al. (2011), indicating that
paleosecular variation is underrepresented due to rapid cooling of the small intrusive stock. This
direction cannot be corrected for post-magnetization tilting due to the lack of an appropriate
paleohorizontal surface.
3.5. Pliocene Limni-Istiaia basin
The Limni-Istiaia basin (Figure 3; Li) consists of <1 km of laterally-interfingering
alluvial, fluvial, and lacustrine rocks exposed extensively over a forested area in North Evia
(Guernet, 1971; Katsikatsos et al., 1981; Mettos, 1992). Lower Miocene lacustrine siltstones and
clays exposed near Kerasia are unconformably overlain by fluvial conglomerates and sandstones
bearing a MNi1-M Nl2 (~9-7 Ma) mammal fauna (Theodorou et al., 2003). Near Limni,
lacustrine marls depositionally overlie a thick sequence of coarse conglomerates bearing an Early
Villanyian (MN16; -3.4 Ma) rodent microfaunal association (Katsikatsos et al., 1981). This age
is supported by the inferred age of a stratigraphically lower sequence that contains Early
Ruscinian (MN14; ~4-5 Ma) fauna (Katsikatsos et al., 1981). The sampled beds are locally
backtilted by 15-20' along an onland splay of the active Kandili normal fault system (Roberts
and Jackson, 1991).
We collected samples from 23 sites (n = 110 accepted specimens) from 7 separate
sections (A-G) of the upper lacustrine marls exposed near Limni. Four sites yielded only non-
interpretable demagnetizations, and three sites exhibited large scatter (>150) and were excluded
from locality mean calculations. Most marl specimens exhibited linear demagnetization paths
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between 150'C and ~450'C, allowing for high quality least-squares fits (Figure 5). Although the
accepted site means fail PRT95, they pass this test when the LIM-A sites are not considered
(Figure 7A). We interpret the excess rotation of the LIM-A sites as resulting from localized
block rotation. A pre-tilting age of magnetization is supported by a positive site-mean MFT99
test and a positive PFT95 test that indicates acquisition of magnetization between 63% and 130%
unfolding (Figure 7B). The large number of sites and specimens and the positive stability tests
make this result second only to that of the Kymi Formation (Section 3.2) in terms of reliability.
Two sites exhibiting within-site dispersal of <100 were previously reported from poorly-
dated but probably Pliocene lacustrine limestones exposed near Lichada (Figure 3; N) in
northwestern Evia (Katsikatsos et al., 1981; Kissel et al., 1986b). The similarity of the in-situ
site-mean directions to stable magnetizations measured from similar successions in this study,
and the dissimilarity of the in-situ directions from the present local field and the expected dipole
field directions suggest that these sites record post-tilting remagnetization. Due to this
uncertainty in magnetization age, the low number of samples per site, and the lack of detailed
geological context, we do not consider these previous results further.
3.6 Late Miocene Palioura-Gides basin
The Palioura-Gides basin (Figure 3; P) consists of lacustrine marls, plastic clays, and thin
lignite beds that are conformably overlain by fluvial-alluvial conglomerates, sandstones, and rare
meter-thick palustrine limestones. Micromammal remains indicate a Late Vallesian (MN 10; ~9-
10 Ma) age for the uppermost marl beds (Katsikatsos et al., 1981), and a mammal fauna
collected by (Deprat, 1904) from the lowest conglomerate beds probably represents the Turolian
(MN12; -7-8 Ma) Pikermian fauna (Katsikatsos et al., 1981). This basin contains no major
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internal unconformities and is neither faulted nor folded, in contrast with the strongly-deformed
-17-13 Ma fill of the nearby Kymi-Aliveri basin.
We sampled 8 sites (n = 61 accepted specimens) from -40 m of gently-dipping clayey
marls exposed in a fresh roadcut south of Aghios Athanasios, and we collected 3 sites (n = 15
accepted specimens) from flat-lying sandstones and palustrine limestones of the upper sequence
in the eastern basin. The sites drilled in marl yielded internally consistent demagnetization paths
that persisted during heating to 400 *C, and occasionally to -500 'C (Figure 5). While these sites
exhibit small within-site dispersion and appear reliable, no reversed-direction specimens were
measured and the lack of small-scale post-depositional deformation precludes application of a
fold test. However, both the in-situ and tilt-corrected mean directions yield similar mean
declination and inclinations consistent with -20' of clockwise vertical-axis rotation. The three
sites drilled in palustrine limestones yielded stable demagnetizations but large within-site scatter
(>250; Figure 6). Although a locality mean direction calculated from these three sites is
consistent with the results from the marls, we prefer to exclude the results from the limestones
from further discussion due to their low quality.
3.7 Late Miocene-Pliocene Larymna-Malesina basin
The Larymna-Malesina (or Martino) basin (Figure 3; La) consists of lacustrine marls,
siltstones, and limestones of Upper Miocene to Lower Pliocene age (Lemeille, 1977; Mettos,
1992). The basin sequence is gently back-tilted along the active Atalanti Fault and is cut by the
north-dipping Malesina Fault (Ganas et al., 2006). The neighboring Lokris-Beoticos basin
borders the modern Gulf of Evoikos and experienced fluvial-lacustrine sedimentation from latest
Miocene to Pliocene time. The present fault-bounded steep topography does not predate Middle
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to Late Pleistocene time (Kranis, 2002), and the relationship of the oldest (Upper Miocene-
Pliocene) sediments to the active, topographically pronounced fault systems remains uncertain.
We sampled four stratigraphic sections in the lacustrine deposits near Malesina. Most of
the sampled beds consist of highly calcareous marls exhibiting very weak magnetizations, which
resulted in a small number of accepted specimens per sampled bed and failure of all sites
collected from two of the sections. Accepted specimens often required forcing of linear fits to the
origin due to loss of magnetic stability above 350 'C (Figure 5). Within-bed magnetizations from
the two sections that yielded reasonable demagnetization paths typically show large directional
dispersion (Figure 6), indicating that they do not record spot measurements of the geomagnetic
field. Despite this large within-site dispersion, only four specimens were rejected by application
of the Vandamme (1994) variable cutoff, indicating that the directional dataset is well-clustered.
For this basin, we calculate site mean statistics using grouped specimens from continuously
exposed outcrops with total stratigraphic separations of <20 m. The mean directions of sites with
a large number of accepted specimens collected from a single bed are consistent with the mean
directions of these grouped sites, validating this alternative approach. The single reversed site is
insufficient for application of a reversal test. Structural correction of the highest quality sites
yields an average magnetic inclination of 51.4 ± 7.5' (vs. 44.9' in-situ) that is at least not
inconsistent with a pre-tilting magnetization for the latitude of Central Greece. While the site-
mean directions from this locality are of relatively poor quality, their compatibility with the other
locality mean directions reported in this study suggests that the inferred clockwise rotation of
35.4 ± 12.00 for the Larymna-Malesina basin is meaningful.
4. Rock magnetism
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White, gray, and green-tinged lacustrine mudstone and marl comprise the majority of
specimens analyzed in this study. Under thermal demagnetization, these specimens tend to fully
unblock by -400*C, although many specimens exhibit erratic demagnetization paths and large
increases in magnetization and magnetic susceptibility above 350-400 'C likely due to chemical
alteration during heating. The presence of a magnetite fraction is indicated by persistence of
magnetization to ~550 'C in some specimens. Alternating field demagnetization was ineffective
for nearly all sedimentary specimens, which tended to acquire a laboratory-induced
gyroremanent magnetization (GRM) of up to 5 times the NRM intensity above peak applied
fields of 150 mT (Supplemental Figure 1).
We analyzed the coercivity distribution of thirteen specimens using the cumulative log-
gaussian (CLG) approach to fitting isothermal remanent magnetization (IRM) acquisition spectra
(Kruiver et al., 2001). Most specimens were saturated below applied fields of 150 mT, although
several showed continued acquisition at higher field intensities. The best fits were obtained using
two or three components (Supplemental Table 3): a low-coercivity component with a mean
acquisition field (B1 2) between 26 and 63 mT (average 33 mT) and dispersion parameter (DP)
between 0.31 and 0.54 (average 0.39), a medium-coercivity component with B/ 2 between 43 and
95 mT (average 62 mT) and DP between 0.19-0.30 (average 0.26), and in two samples a high-
coercivity component with B/ 2 between 500 mT and 1000 mT and DP of 1.1-1.5 (Supplemental
Figure 2). After subtraction of a mass-specific paramagnetic component, hysteresis loops
measured on an ADE 1660 VSM exhibit open forms with saturation remanent magnetization to
saturation magnetization (MrsMs) ratios of 0.3-0.4 and coercivity (H) values between 17 and 25
mT. We measured the coercivity of remanence (Her) on the 2G SRM using the backfield method
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on the same specimens; the resulting Her/He ratios range between 2 and 3. These data indicate
that the mean grain size is pseudo single domain.
The combination of low-temperature unblocking and efficient acquisition of GRM
suggests the presence of greigite (Fe 3S4) as a primary carrier of remanence. The low-dispersion
IRM acquisition component centered at -70 mT is similar to that seen in well-characterized
greigite-bearing sediments (Vasiliev et al., 2007), while the weak high-coercivity component in
some specimens probably indicates the presence of an unknown phase that probably reflects
surface weathering. Greigite growth is favored in organic-rich sediments that experienced high
deposition rates in a low-oxygen environment, a situation that typical of many lacustrine settings.
Heavy mineral separates of lacustrine rock samples from the Kymi-Aliveri basin contain
abundant pyrite (FeS 2), indicating that iron sulfide growth was important during diagenesis.
Diagenetic growth of greigite through decomposition of organic material can postdate burial by
up to 0.3 Ma, resulting in a large time lag between initial depositional magnetization and
subsequent grain-growth chemical remagnetization (Porreca et al., 2009; Roberts and Weaver,
2005). In this study, the greigite-borne magnetization is constrained by paleomagnetic tilt tests to
predate regional deformation and the sediments are independently dated by mammal
paleontology and radiochronology.
The Oxylithos dacites exhibit a complex magnetic mineralogy. Green and white
weathering specimens collected from Unit 1 exhibit discrete ranges of enhanced unblocking
during progressive heating between 300-350'C, 400-450'C, 510-525'C, and 555-580'C,
indicating the presence of four distinct grain populations. Large (>100 micron) corroded
magnetite grains are petrographically abundant within these rocks (Deprat, 1904). The red-
weathering specimens collected from Unit 2 show minor unblocking between 400-450 'C
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(attributed to titanomaghemite) and show abundant euhedral magnetite grains in thin section
(Deprat, 1904). These specimens maintain a strong remanence well above the maximum
unblocking temperature of magnetite (585 'C), indicating that hematite is a primary carrier of
remanence in these rocks.
In summary, the sediments and volcanics measured in this study contain magnetic
mineral populations that coincide with or slightly postdate deposition or emplacement and are
capable of preserving stable magnetizations over geological timescales.
5. Discussion
5.1 Pliocene vertical-axis rotation of Central Greece
Each locality sampled in this study yielded a mean declination consistent with clockwise
net rotation (Figure 8). The Kymi Formation shares a true common true mean direction at 95%
confidence (McFadden and Lowes, 1981) with the Limni-Istiaia, Palioura-Gides, and
Markopoulo basins (Supplemental Table 4). Because these sequences range in depositional age
from Early-Middle Miocene (Kymi-Aliveri) to Middle Pliocene (Limni-Istiaia) and appear to
retain primary or early diagenetic magnetizations, we infer that clockwise rotation in Central
Greece commenced in Early to Middle Pliocene time. This agrees with previously proposed
scenarios that were based on the Pliocene age of paleomagnetic rotations in the Ionian Islands
but were necessarily speculative due to incomplete data coverage in Central Greece (Kissel and
Laj, 1988; Taymaz et al., 1991).
The region of consistent paleomagnetic declinations extends beyond the study area. The
Late Miocene (?) to Pleistocene Megara basin (Bentham et al., 1991) underwent a net clockwise
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rotation of 18.6 + 16.5' in Plio-Pleistocene time, based on the paleomagnetism of four sites
drilled in the poorly dated, basal lacustrine beds (Mattei et al., 2004). The -14 Ma high-
magnesium dacite body exposed on the nearby island of Skyros (Figure 4) records a vertical-axis
rotation of 26.0 + 11.00 (Kissel et al., 1986b), and the island of Limnos exhibits a post-Early
Miocene clockwise rotation of 34.0 ± 22.80 (Westphal and Kondopoulou, 1993). On Tinos, sites
were previously drilled in a 14.73 t 0.22 Ma monzogranite pluton (Bolhar et al., 2010) and a
swarm of NW-SE trending, 11.55 0.43 Ma post-detachment dacitic dykes (Avigad et al.,
1998). The monzogranite yielded a poorly-constrained rotation of 26 ± 37.60, while the dykes
record a better-constrained clockwise rotation of 26.8 ± 15.80 (Avigad et al., 1998). We calculate
a grand mean direction for Central Greece (Table 1; bold) that incorporates our new results with
the published locality mean directions from Skyros, Tinos (dykes only) (Avigad et al., 1998), the
Plaka granodiorite, and the Megara basin (Mattei et al., 2004). We choose not to incorporate the
Tinos monzogranite mean direction due to its inadequate precision (Avigad et al., 1998) and the
Mykonos granodiorite due to its anomalously shallow inclination (Morris and Anderson, 1996).
This grand mean direction yields an estimate of 25.3 ± 6.50 of post-Middle Pliocene clockwise
rotation distributed over a region at least 250 km long by 150 km wide, with an estimated mean
rotation rate of -8-10/Myr.
Geodetically constrained block models of the Aegean region indicate that Central Greece
is part of a rigid block that extends as far west as the Adriatic-Aegean plate interface in Western
Greece and Epirus (Nyst and Thatcher, 2004; Reilinger et al., 2010; Reilinger et al., 2006)
(Figure 2). The geodetic velocity field indicates ongoing clockwise rotation of ~2-4'/Myr over
most of Central Greece (Floyd et al., 2010; McClusky et al., 2000; Nyst and Thatcher, 2004;
Reilinger et al., 2006; Rontogianni, 2010). The long-term (4 Myr) vertical-axis rotation rate
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therefore appears to exceed the geodetic rotation rate in Central Greece by a factor of two.
Furthermore, the geodetically inferred rates of vertical-axis rotation and horizontal strain
decrease markedly from Northern Evia into the stable Aegean block (Floyd et al., 2010;
Reilinger et al., 2006; Rontogianni, 2010). The northeast-southwest trending diffuse boundary
between instantaneous rotation domains (Figure 2, solid lines) traverses the region of consistent
clockwise paleodeclinations observed in this study. The inconsistency of the geodetic velocity
field with the inferred pattern of large-scale, long-term block rotation may reflect a recent plate
reorganization associated with propagation of the North Anatolian Fault into the Aegean Sea and
dissection of the Central Greece block into several smaller blocks.
5.2 Vertical-axis rotation and regional crustal deformation
The North Aegean Sea region underwent N-S directed extension starting in late-Middle
to Late Miocene time, as indicated by the development of marine and terrestrial basins bounded
primarily by syn-sedimentary normal faults (Mascle and Martin, 1990; Snel et al., 2006). The
record of Neotethyan marine incursion into the Paratethyan realm through the Marmara Sea
region indicates that the modern trace of the North Anatolian Fault in the Aegean Sea was a
region of low elevation since -11 Ma (Qagatay et al., 2006). This time period also saw N-S
directed extension and subsidence in the Cretan Trough, final unroofing of the Attic-Cycladic
Complex recorded by closure of zircon and apatite fission track chronometers (Philippon et al.,
2011 and references therein), and eventual submergence of the previously subaerial nonvolcanic
outer arc in southern Peloponnesos, Kythera, and Crete (Zachariasse et al., 2011). While the
evidence for regional extension is clear, there are no paleomagnetic data that require vertical-axis
169
rotation during this time, suggesting that the western Hellenic Trench had not yet evolved into a
differentially retreating boundary.
Uplift of the nonvolcanic outer arc above sea level initiated in Early Pliocene time,
coincident with the main phase of shortening within the Mediterranean Ridge accretionary prism
(Le Pichon et al., 2002). In Western Greece, imbrication of the Paxos Zone and onset of rapid
clockwise rotation initiated in Early Pliocene time (Duermeijer et al., 1999; Kissel and Laj, 1988;
Mercier et al., 1989). Uplift above sea level of Crete, Karpathos, and Rhodos associated with
sinistral strike-slip faulting also occurred between 5-3 Ma (van Hinsbergen et al., 2007;
Zachariasse et al., 2008). These events appear to record an acceleration of trench retreat between
the Kephalonia Fault and Rhodos, probably due to the combined effects downward pull of the
negatively-buoyant, subducted Ionian Sea lithosphere (Royden and Papanikolaou, 2011) and
development of the main offset-bearing structures of the North Anatolian Fault system (Seng6r
et al., 2005).
We propose a simple palinspastic reconstruction for the Aegean region to Early Pliocene
time that is based on back-projection of the modern coastlines using the geodetic velocity field
and restoration of regional vertical-axis rotations constrained by paleomagnetism (Figure 9). This
reconstruction takes into account westward displacement of central Anatolia by -80 km since -4
Ma, consistent with geological estimates of the total Plio-Pleistocene slip on the North Anatolian
Shear Zone (Sengir et al., 2005). Our map at ~4 Ma is similar in plan form to the reconstruction
proposed by Le Pichon and Angelier (1979) at 13 Ma, with the primary difference being the
large post-Miocene deformation required by the paleomagnetic rotations from Central Greece
presented in this study.
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5.3 Development of the Hellenic arc
The young rotation of the Central Greece Block provides a basic constraint on the earlier
history of rotation in the External Hellenides of western Greece, under the assumption that these
regions were rigidly attached across the topographic Hellenides since Middle Miocene time. The
Ionian Zone was folded and imbricated during Middle Miocene thrusting (Karakitsios and
Rigakis, 2007; Le Pichon and Kreemer, 2010; Le Pichon et al., 2002; Meulenkamp, 1982), and
was subsequently rotated clockwise by an average of 50' (Horner and Freeman, 1983; Kissel and
Laj, 1988; van Hinsbergen et al., 2005a; van Hinsbergen et al., 2006). While Middle Miocene
(-17 Ma) sediments of the Klimatia-Paramythia basin and the northern Mesohellenic Trough are
rotated by >50' in a clockwise sense (van Hinsbergen et al., 2005a), the ~16-15 Ma lacustrine
deposits of the Kymi-Aliveri basin and the Middle Miocene (-14-13 Ma) igneous rocks of
Skyros and Tinos only underwent ~25' of clockwise rotation after Early Pliocene time. Initial
clockwise rotation of the External Hellenides and the Pelagonian Zone therefore occurred
between 17 and ~15 Ma, corresponding with the main period of thrusting around the Langhian-
Burdigalian boundary (Karakitsios and Rigakis, 2007; Meulenkamp, 1982).
Conclusions
Vertical-axis rotation associated with a lateral gradient in the rate of trench retreat has
commonly been envisioned as a progressive and generally continuous process occurring
simultaneously with upper plate extension and southward-progressing arc magmatism above the
dehydrating Hellenic slab (Jolivet and Brun, 2010; Ring et al., 2010; Royden and Papanikolaou,
2011). The paleomagnetic data presented here instead emphasize the paroxysmal nature of
Aegean tectonics during Late Cenozoic time, when intervals of strong crustal deformation and
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rapid vertical-axis rotation were separated by long periods of apparent quiescence. The post-
Early Pliocene onset of clockwise rotation in Central Greece indicates that connection of the
North Anatolian Fault to the Kephalonia-Achaia Fault Zone across the previously extended
Aegean Sea region facilitated rapid trench retreat along the southern Hellenic subduction zone
and accentuation of the previously established geometric arc.
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Figure Captions
Figure 1. Simplified tectonic map of the Eastern Mediterranean region showing the arcuate form
of the orogenic belts that decorate the southern Eurasian margin and the inferred sense of
rotation along the frontal thrust belt during geometric arc formation. Topography and bathymetry
are from the ETOPO-1 dataset (Amante et al., 2009). Dashed box indicates the location of Figure
2.
Figure 2. Paleomagnetic declinations superimposed on the geodetic velocity field in the Aegean
region. Colored arrows indicate paleomagnetic site- and locality-mean declinations compiled
from the literature, categorized by the inferred age of magnetization (references are presented in
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Supplementary Text S.1). Black arrows are GPS velocity vectors of Floyd et al. (2010) plotted
relative to stable Europe. 1: Geodetic rotational boundary of Floyd et al. (2010); 2: Rotational
boundary of Rontogianni (2010); WG: Western Greece; IO: Ionian islands; MHT: Mesohellenic
Trough; MA: Macedonia; RH: Rhodope; NAT: North Aegean Trough; CG: Central Greece; SA:
Southern Aegean Arc: WA: Western Anatolia. Dashed line divides the External Hellenides thrust
belt (west) from the Internal Hellenides (east).
Figure 3. Simplified geological map showing the distribution of igneous rocks and Miocene-
Pliocene, Pliocene-Pleistocene, and Pleistocene-Holocene surficial deposits, and igneous rocks in
Central Greece. Localities discussed in the text are indicated by boxed letters (key is given in
Figure 4).
Figure 4. Summary of the paleomagnetically-sampled Neogene sedimentary and igneous units
of Central Greece. The magnetic polarity timescale is modified from Gee and Kent (2007), and
European land mammal (MN) zones are modified from B6hme (2003). Age control is compiled
from the paleontological and geochronological literature (Bolhar et al., 2010; Bradley, 2012;
Fytikas et al., 1984; Guernet and Sauvage, 1969; Katsikatsos et al., 1981; Lemeille, 1977;
Mettos, 1992).
Figure 5. Demagnetization behavior of representative specimens from each sampled locality,
presented as orthogonal projections of vector endpoints after correction for local structural tilt
(where appropriate). Green lines are least-squares fits projected onto the declination data, and
yellow lines are the same fits projected onto the inclination data. Lines are dashed where fits are
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anchored to the origin due to lack of a high-quality origin-trending component. Scale: 1x 10-6
A/m per tick unless otherwise noted.
Figure 6. Site mean directions from Neogene basins and volcanics in Central Greece measured
in this study presented on equal-area stereonets with 95% angular confidence intervals. Where
relevant, data are presented in both in-situ (IS) and tilt-corrected (TC) coordinates. Filled circles
indicate downward-pointing vectors while open circles indicate upward-pointing vectors (legend
at center). Stars indicate the present-day field direction.
Figure 7. Stability tests for the oldest (Kymi-Aliveri) and youngest (Limni-Istiaia) sedimentary
sequences sampled in this study. Figures are modified from the output of the PmagPy software
(Tauxe et al., 2009). A,C) Result of PRT95 applied to the (A) Limni marls and (C) Kymi
Formation (sites with a95 < 50). Cumulative distribution and 95% confidence intervals for
Cartesian components X,Y,Z are displayed for normal (red) and reversed (black) polarity
directions. Overlap of all three components (shaded regions) indicates a positive reversal test in
both cases. B,D) Result of PFT95 and MFT95 for the (B) Limni marls and (D) Kymi Formation
(sites with a95 < 50). Dashed red curves show the variation of the principal eigenvalue of the
orientation matrix (xi) with percent unfolding for selected bootstrapped para-datasets. Green
curve shows the cumulative distribution function for n=1,000 para-datasets. In both cases, the
region of 95% confidence for the percent unfolding that maximizes 11 (vertical dashed lines)
contains the 100% unfolding value. Lower-hemisphere equal area stereoplots show site-mean
directions prior to (left) and after (right) correction for local bedding tilt. N: number of sites;
174
k1/k2: ratio of Fisher precision parameters after and before tilt correction; Frait: critical value of
k1/k2 below which pre-tilting magnetization would be rejected at 95% confidence.
Figure 8. Map showing the distribution of vertical-axis rotations inferred from paleomagnetism
in Central Greece. Arrow points toward the normal-polarity Fisher mean declination. Wedge
half-width is the 95% confidence interval for the Fisher mean declination (AD). Shaded boxes
indicate a published locality-mean direction (references are given in the caption of Table 1).
Inset: paleomagnetic declination vs. time for Central Greece.
Figure 9. Palinspastic reconstruction of the Aegean Sea region generated by back-projection of
the present-day coastline (A) to 4 Ma (B) along the velocity field of Floyd et al. (2010) and
correction of post-Miocene paleomagnetic rotations.
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Table 1. Locality and grand mean directions calculated from site mean directions
Locality N D (*) AD (*) / () A/ (0) k a95 (0) R Lat (*N) Lon (OE)
Markopoulo 7 27.4 9.6 55.3 5.47 122.72 5.47 5.977 38.30 23.89
Larymna 8 35.4 12.0 51.4 7.45 56.25 7.45 7.876 38.61 23.24
Kymi Fm. 24 23.6 8.7 56.8 4.75 39.85 4.75 24.423 38.58 24.14
Limni 17 25.4 9.8 54.2 5.71 39.90 5.71 16.600 38.78 23.31
Palioura 7 23.4 8.4 56.3 4.63 144.10 4.63 7.951 38.60 23.8
Oxylithos 2a 4 182.6 8.3 -46.1 5.74 257.19 5.74 3.988 38.57 24.08
Oxylithos 1a 17 223.2 6.3 -37.9 4.96 52.75 4.96 16.697 38.58 24.09
Plaka 4 11.7 7.6 50.3 4.82 364.74 4.82 3.992 37.77 24.02
Skyrosb 4 26 11.0 45.5 7.70 82 7.7 3.964 38.9 24.51
Tinos dykesc 7 27.3 16.7 45.2 11.69 27.63 11.69 9.425 37.59 25.21
Megarad 4 18.6 16.5 45.3 11.50 65.3 11.5 3.954 38.05 23.16
Central Greece 9 24.3 6.5 51.3 4.04 163.27 4.04 8.951 38.5 23.5
Table 1. Locality mean directions presented in this study, calculated using Fisher averaging of
site-mean directions. The resulting grand mean direction for Central Greece is in bold.
Notes: D: Fisher mean declination; AD: 95% confidence interval of D; I: Fisher mean
inclination; AI: 95% confidence interval of 1; k: Fisher precision parameter; a95: apical angle of
the region of 95% confidence of Fisher mean; R: resultant of ChRM unit vectors. Lat: locality
latitude; Lon: locality longitude
aLocality is excluded from grand mean direction due to uncertainties in structural corrections
bincludes data from Kissel et al. (1986b)
'includes data from Morris and Anderson (1996)
ddata from Mattei et al. (2004)
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Chapter 3: Supplementary text and data tables
S.1. References for paleomagnetic data included in Figure 2.
Atzemoglou et al. (1994), Avigad et al. (1998), Bobier (1968), Broadley et al. (2006),
Duermeijer et al. (1998), Duermeijer et al. (1999), Duermeijer et al. (2000), Edel et al. (1991),
Edel et al. (1992), Feinberg et al. (1994), Gtrsoy et al. (2003), Haubold et al. (1997), Homer and
Freeman (1983), Jordanova et al. (2001), Kaymakci et al. (2007), Kissel and Poisson (1987),
Kissel et al. (1985), Kissel et al. (1986a), Kissel et al. (1986b), Kissel et al. (1987), Kondopoulou
(1982), Kondopoulou (1994), Kondopoulou and Caputo (1997), Kondopoulou and Lauer (1984),
Kondopoulou and Pavlides (1990), Kondopoulou and Westphal (1986), Kondopoulou et al.
(2007), Laj et al. (1982), Lovlie et al. (1989), Marton et al. (1990), Marton et al. (2003), Mattei
et al. (2004), Mauritsch et al. (1996), Morris (1995), Morris (2000), Morris and Anderson
(1996), Morris and Robertson (1993), Muttoni et al. (1995), Muttoni et al. (1997), Piper et al.
(2006), Pucher et al. (1974), Sen et al. (1986), Spais (1987), Speranza et al. (1992), Speranza et
al. (1995), Surmont (1989), Tozzi et al. (1988), Turnell (1988), van Hinsbergen et al. (2005), van
Hinsbergen et al. (2008), van Hinsbergen et al. (201
and Kondopoulou (1993), Westphal et al. (1991)
Supplementary Table 1. Site mean directions.
Nc Na Da( 0) la(O) Ds(*) /s (0)
Oa), van Hinsbergen et al. (201 Ob), Westphal
k a95(*) Lat (*N) Lon ('E)
Larymna (La)
LARia
LAR2-6
LAR7-16
LAR17a
LAR18
LAR19-20
LAR21
LAR22-24a
LAR25-28
LAR-29a
LAR30
LAR31-33b
6
23
50
6
7
7
5
17
22
5
6
16
0
10
13
0
7
5
5
0
4
0
5
7
- - - - - - 38.62
66.3 63.2 43.1 59.5 6.85 19.91 38.62
22.5 43.0 32.8 41.7 12.27 12.33 38.64
- - - - - - 38.64
29.3 57.1 47.9 56.6 21.50 13.32 38.64
14.8 49.2 29.1 52.3 34.25 13.26 38.64
41.8 47.8 52.4 42.2 13.42 21.67 38.60
- - - - - - 38.60
18.8 25.9 24.0 40.0 24.62 18.89 38.60
- - - - - - 38.60
25.7 37.4 27.7 59.3 21.73 16.79 38.60
194.3 -28.1 206.8 -56.3 16.36 15.38 38.60
14-19: roadcut,
346.7 55.2
14.1 55.1
48.2 41.7
41.4 67.6
356.9 36.9
31.3 32.5
199.9 -56.9
MAR21-29: coastal section)
330.6 59.1 34.23 15.93
2.1 63.5 31.00 16.76
47.7 52.7 17.99 29.96
33.2 78.3 80.36 7.52
349.1 42.9 150.9 6.25
28.3 42.8 69.54 9.24
105.2 -67.3 21.74 56.45
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Locality
23.23
23.23
23.26
23.26
23.26
23.26
23.21
23.21
23.21
23.21
23.21
23.21
(Ka) (MAR
4 4
Markopoulo
MAR-14a
MAR-15 a
MAR-16a
MAR-1 7a
MAR-1 8a
MAR-1 9a
MAR-21"
4
3
6
5
5
4
4
3
6
5
5
2
38.28
38.28
38.28
38.28
38.28
38.28
38.30
23.82
23.82
23.82
23.82
23.82
23.82
23.89
MAR-22 6
MAR-23,24 10
MAR-25 5
MAR-26 6
MAR-27a 6
MAR-28 5
MAR-29 5
Nea Palatia -
Oxylithos (0) Unit 1
52.4
-47.6
64.4
-53.1
58.4
57.8
62.4
-36.0
-36.8
-46.4
-35.1
-30.9
-26.5
-41.5
-37
-50.6
-36.2
-41.3
-41.5
-53.3
-34.7
-32.4
-22
-35.3
343.0
170.5
279.5
172.0
340.8
345.1
26.1
72.5
-72.9
80.7
-80.2
51.4
44.4
51.8
63.86
81.62
48.73
91.54
109.3
191.2
331
- - 1,788
- - 607.7
- - 2,602
- - 75.72
- - 239.9
- - 118.6
- - 111.3
- - 949
- - 320
- - 63
- - 320
- - 45
- - 201
- - 42
- - 354
- - 318
- - 204
8.45
10.23
13.30
7.04
7.35
5.55
4.2
1.22
2.09
1.31
5.95
3.33
6.18
5.27
1.7
2.9
7.2
2.6
6.5
3.1
8.6
2.4
4.3
3.6
38.30
38.30
38.30
38.30
38.30
38.30
38.30
38.3
38.60
38.60
38.60
38.59
38.59
38.59
38.58
38.59
38.59
38.59
38.59
38.59
38.59
38.59
38.59
38.59
38.60
23.89
23.89
23.89
23.89
23.89
23.89
23.89
23.8
24.1
24.1
24.1
24.11
24.11
24.11
24.1
24.11
24.11
24.11
24.11
24.11
24.11
24.11
24.11
24.11
24.11
Oxylithos (0) Unit 2
C1 9 9 188.2 -43.9 - - 444.8 2.44 38.57 24.08
C2 7 7 174.4 -39.3 - - 52.75 8.39 38.57 24.08
C3 9 9 185.3 -43.1 - - 173.7 3.92 38.57 24.08
F 4 4 182.9 -39.6 - - 48.26 13.36 38.58 24.08
Limni-Istiaia (Li)
207.0
196.9
246.0
5 205.7
5 12.7
4 350.1
-70.6
-74.6
-74.2
-79.3
62.0
64.0
224.3
222.2
244.3
229.7
31.2
18.6
-52.6
-57.5
-54.2
-60.8
46.7
53.2
52.57
547.9
254.3
1,313
55.45
431.6
9.33 38.77
2.37 38.77
3.48 38.77
- 38.77
2.11 38.77
- 38.77
10.37 38.77
4.43 38.77
23.31
23.31
23.31
23.31
23.31
23.31
23.31
23.31
186
6
4
4
6
0
5
5
5
14.5
209.9
35.4
217.3
31.5
18.6
358.9
213.2
220.5
210.6
223.1
230.2
226.0
211.4
228.3
230.8
229.5
225.6
245.3
206.4
237.9
220.7
219.2
212.7
Al
A2
A3
B1
B2
B3
E
EU220 C
EU221c
EU222c
EU223 c
EU224c
EU225c
ANO3d
ANO4d
ANO5d
ANO7d
9 9
9 9
6 6
9 9
9 9
6 6
8 8
- 7
-7
-6
-9
- 10
- 10
-8
- 11
-5
-9
6
8
8
LIM-A1
LIM-A2
LIM-A3
LIM-A4a
LIM-A5
LIM-A6a
LIM-A7,8
LIM-A9
6
8
10
6
8
10
8
4
LIM-B1I
LIM-B2a
LIM-B3b
LIM-C1
LIM-C2
LIM-D1a
LIM-D2
LIM-D3
LIM-E1
LIM-E2
LIM-E3
LIM-F1a
LIM-F2
LIM-F3
LIM-G1a
LIM-G2a~b
6
7
8
8
7
8
8
8
8
8
6
149.6
173.7
154.0
10.1
10.0
354.2
17.8
34.9
218.0
228.5
26.4
Samples disintegrated
7 6 130.5 -84.5
9 9 70.4 -86.7
10 0 - -
7 2 34.2 61.7
-46.0
-55.1
-50.3
45.2
51.7
51.9
49.2
33.9
-51.8
-56.6
69.6
178.8 -57.4 60.00 8.72 38.78
210.1 -54.2 17.97 18.55 38.78
188.4 -58.9 36.00 11.32 38.78
13.7 47.4 16.29 17.10 38.79
14.4 53.9 76.53 7.71 38.79
5.0 63.1 23.69 53.82 38.78
32.3 56.4 199.8 4.28 38.78
43.9 38.1 42.30 10.42 38.78
196.7 -40.3 299.0 3.21 38.78
200.4 -47.6 15.75 14.40 38.78
356.2 52.6 65.07 8.37 38.78
during transport 38.78
196.1 -58.2 66.81 8.26 38.79
201.4 -62.3 72.73 6.08 38.79
- - - - 38.79
45.8 41.5 9.69 91.95 38.81
Palioura-Gides (P) (PS1-4 = upper conglomeratic unit, PS5-13 = lower marl unit)
6
8
6
12
6
3
9
12
5
9
10
7
9
10
10
7
12
0
4
4
5
4
1
7
11
5
10
4
7
10
10
7
12
35.3
5.8
220.1
19.3
214.7
26.7
18.9
27.5
33.5
14.1
7.8
13.6
11.2
17.7
8.9
8.8
37.7
42.2
-36.0
49.3
2.4
48.9
48.9
46.1
55.7
50.7
48.4
51.9
50.7
48.4
54.7
47.3
39.0
6.6
224.0
23.6
213.7
32.0
23.1
32.3
41.2
17.6
10.0
8.5
43.2
49.1
-41.1
55.4
-32.4
54.5
55.1
51.7
60.9
57.2
55.1
56.7
8.9
20.6
9.9
164.7
107.7
71.5
45.2
44.7
213.0
78.7
21.5
- - 33.05
- - 103.34
- - 52.30
- - 40.66
32.6
20.8
25.5
7.2
5.8
5.4
11.5
11.6
3.3
10.4
13.3
8.53
4.77
8.42
6.89
38.52
38.52
38.52
38.52
38.60
38.60
38.60
38.60
38.60
38.60
38.60
38.60
38.60
37.77
37.77
37.77
37.77
23.8
23.8
23.8
23.8
23.8
23.8
23.8
23.8
23.8
23.8
23.8
23.8
23.8
24.02
24.02
24.02
24.02
Notes: Paleomagnetic site-mean directions for localities discussed in the text. Nc: Number of
collected specimens; Na: Number of specimens accepted in Fisher mean direction; Dg, Ig: Fisher
mean declination, inclination in geographic coordinates (bold indicates accepted mean direction);
Ds, I,: Fisher mean declination, inclination after tilt correction (bold indicates accepted mean
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23.31
23.31
23.31
23.29
23.29
23.28
23.28
23.28
23.27
23.27
23.27
23.27
23.26
23.26
23.26
23.29
PS-1
PS-2a
PS-3a
PS-4"
PS-5
PS-6a
PS-7
PS-8
PS-9
PS-10
PS-11
PS-12
PS-13
Plaka (PI)
LAV-1
LAV-2b
LAV-3
LAV-4
direction); k: Fisher precision parameter; a95: apical angle of the region of 95% confidence of
Fisher mean direction.
aSite is excluded from locality mean calculation (see section 3 in main text for discussion of
exclusion criteria at each locality).
bSite contains both normal and reversed-polarity specimens.
cSite mean direction from Kissel et al. (1986b);
dSite mean direction from Morris (1995).
Supplementary Table2
Locality Na/Nb
Markopoouloa
Larymna
Kymi
Limni
Palioura
Oxylithos 2a
Oxylithos 1a
Plakaa
32/32
57/61
300/310
119/127
67/75
28/29
56/56
40/40
D bx b b b
26.8 6.2 55.8 3.5
35.5 7.6 51.4 7.0
25.2 2.1 52.8 1.9
26.3 3.9 54.3 3.3
25.1 4.8 54.0 4.0
184.0 2.7 -41.7 3.3
219.9 2.3 -36.2 3.2
11.2 4.3 49.5 4.2
Notes: Locality mean directions calculated using Fisher statistics
directions transformed to virtual geomagnetic pole (VGP) directions.
after iterative exclusion of outliers; Nb: Number of specimens before
on specimen-level ChRM
Na: Number of specimens
iteration; ADx: Interval of
95% confidence on the declination; AIx: Interval of 95% confidence on the inclination; A95:
Fisher angular error on VGP directions; A9 5min: minimum value of A95 expected for a dataset of
N directions that adequately sample paleosecular variation, calculated from A9 5min = 17xN-0 .4
(Deenen et al., 2011); A9 5max: maximum value of A95 expected for a dataset of N specimens
with a dispersion reflecting only paleosecular variation.
aLocality is not corrected for structural tilt.bUnits are degrees (').
Supplementary Table 3. Results of quantitative coercivity analysis
C2
1.70
1.64
1.79
1.90
1.94
1.98
1.60
1.86
1.85
1.75
1.72
1.68
1.86
SaD2' L
0.27
0.30
0.23
0.20
0.22
0.16
0.35
0.23
0.19
0.30
0.34
0.33
0.24
1310
100
198
2
2
2
C3 D3 C S-Ratio
- - 0.989
- - 0.990
- - 0.979
- - 0.967
.75 1.10 0.933
- - 0.966
.75 0.50 0.953
.97 1.49 0.931
- - 0.968
- - 0.985
- - 0.979
- - - 0.984
- - - 0.994
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k
55.1
12.6
26.6
24.4
26.8
105
69.9
43.8
a95 b
3.5
5.5
1.6
2.7
3.4
2.7
2.3
3.5
K
33.4
9.5
21.8
17.1
20.4
123.7
75.7
38.9
A95minb
4.25
3.4
1.7
2.5
3.2
4.5
3.4
3.9
A95b
4.5
6.5
1.8
3.2
3.9
2.5
2.2
3.7
A95maxb
10.2
6.9
2.2
4.2
6.2
11.2
7.0
8.7
ID
K1 4b
K1 5b
K1 7b
K1 8b
K1 4a
P11b
PA3b
PA6b
PA5b
LBDb
LEGe
LMAa
LBDc
C.
1.6
1.4i
1.7
I.7
1.1
1.2
S1a
466
173
4520
11800
3160
626
287
1650
182
500
226
980
1 D1c
0 0.41
3 0.54
0 0.41
6 0.37
1 0.34
9 0.42
8 0.31
0 0.36
0 0.49
5 0.40
0 0.50
5 0.31
S2a
1300
1460
8850
8280
4580
497
2170
378
1430
1530
1800
1670
1810
Notes: Distribution parameters of Gaussian components inferred from IRM acquisition spectra
for Neogene lacustrine sediments from Central Greece.
aRelative contribution to the magnetization (Am2/kg)
bMean acquisitive field (mT)
cDispersion parameter (unitless)
Supplementary Table 4. Test of true common mean
Larymna Lavrion Limni Palioura
direction (McFadden and
Mark. TinoSa Skyrosa
Lowes, 1981)
Megaraa Oxya
Kymi
Larymna
Lavrion
Limni
Palioura
Markopoulo
TinoSa
Skyrosa
Megaraa
Fail Fail
Fail
Pass
Pass
Fail
Pass
Fail
Fail
Pass
Pass Pass
Pass Fail
Fail Fail
Pass Fail
Pass Fail
Fail
Fail
Pass
Fail
Pass
Fail
Fail
Pass
Fail
Fail
Pass
Fail
Fail
Fail
Pass
Pass
Fail
Fail
Fail
Fail
Fail
Fail
Fail
Fail
Fail
Notes: Results of the test of common true mean direction of McFadden and Lowes (1981)
between locality mean directions in Central Greece.
aanomalously shallow inclination for the presumed eruption/deposition latitude.
Supplementary Figure Captions
Supplementary Figure 1. Acquisition of laboratory-induced gyroremanent magnetization
(GRM) during alternating-field treatment of lacustrine marls. A) Demagnetization paths plotted
on equal-area stereonets for three specimens are progressively deflected toward the Y=X line on
the X-Y plane above peak fields of ~40 mT, reflecting the acquisition of a magnetization
orthogonal to the applied transient field direction. B) Magnetization vs. applied field plots
showing strong acquisition of magnetization above peak AF fields of -85 mT for the same three
specimens.
Supplementary Figure 2. Rock magnetic properties of representative Miocene/Pliocene
lacustrine specimens. Linear acquisition (A, C) and gradient acquisition (B, D) plots show
Gaussian component fits to room-temperature IRM acquisition data (squares). E, F) Room-
temperature hysteresis curves after subtraction of a mass-specific paramagnetic component,
showing typical open-loop forms.
Supplementary References
Atzemoglou, A., Kondopoulou, D., Papamarinopoulos, S., Dimitriadis, S., 1994. Paleomagnetic Evidence
for Block Rotations in the Western Greek Rhodope. Geophys J Int 118, 221-230.
189
Avigad, D., Baer, G., Heimann, A., 1998. Block rotations and continental extension in the central Aegean
Sea: palaeomagnetic and structural evidence from Tinos and Mykonos (Cyclades, Greece). Earth Planet
Sc Lett 157, 23-40.
Bobier, C., 1968. Paleomagnetic study of some of the formations of volcanic Almopias Complex (Central
Macedonia, Greece). Cr Acad Sci D Nat 267, 1091.
Broadley, L., Platzman, E., Platt, J., Papanikolaou, M., Matthews, S., 2006. Paleomagnetism and the
tectonic evolution of the Ionian zone, northwestern Greece, in: Dilek, Y., Pavlides, S. (Eds.), Geol S Am
S,pp. 137-155.
Deenen, M.J., Tol, J., Burylo, A.M., Doodeman, V.D., de Boer, A., Vincent, A., Guchelaar, H.J., Smits,
P.H.M., Beijnen, J.H., Punt, C.J.A., Schellens, J.H.M., Cats, A., 2011. Relationship between Single
Nucleotide Polymorphisms and Haplotypes in DPYD and Toxicity and Efficacy of Capecitabine in
Advanced Colorectal Cancer. Clinical Cancer Research 17, 3455-3468.
Duermeijer, C.E., Krijgsman, W., Langereis, C.G., Meulenkamp, J.E., Triantaphyllou, M.V., Zachariasse,
W.J., 1999. A Late Pleistocene clockwise rotation phase of Zakynthos (Greece) and implications for the
evolution of the western Aegean arc. Earth Planet Sc Lett 173, 315-331.
Duermeijer, C.E., Krijgsman, W., Langereis, C.G., Ten Veen, J.H., 1998. Post-early Messinian
counterclockwise rotations on Crete: implications for Late Miocene to Recent kinematics of the southern
Hellenic arc. Tectonophysics 298, 177-189.
Duermeijer, C.E., Nyst, M., Meijer, P.T., Langereis, C.G., Spakman, W., 2000. Neogene evolution of the
Aegean arc: paleomagnetic and geodetic evidence for a rapid and young rotation phase. Earth Planet Sc
Lett 176, 509-525.
Edel, J., Kondopoulou, D., Pavlides, S., Westphal, M., 1991. Multiphase paleomagnetic evolution of the
Chalkidiki ophiolitic belt, Greece, Geotectonic implications. Bull. of the Geol. Soc. of Greece 25, 370-
392.
Edel, J.B., Kondopoulou, D., Pavlides, S., Westphal, M., 1992. Paleomagnetic Evidence for a Large
Counterclockwise Rotation of Northern Greece Prior to the Tertiary Clockwise Rotation. Geodin Acta 5,
245-259.
Feinberg, H., Kondopoulou, D., Michard, A., Mountrakis, D., 1994. Paleomagnetism of some Northern
Greece Ophiolites and Associated sediments. Bull Geol Soc Gr 30, 359-370.
Gfirsoy, H., Piper, J., Tatar, 0., 2003. Neotectonic deformation in the western sector of tectonic escape in
Anatolia: palaeomagnetic study of the Afyon region, central Turkey. Tectonophysics 374, 57-79.
Haubold, H., Scholger, R., Kondopoulou, D., Mauritsch, H.J., 1997. New paleomagnetic results from the
Aegean extensional province. Geol Mijnbouw 76, 45-55.
Horner, F., Freeman, R., 1983. Paleomagnetic Evidence from Pelagic Limestones for Clockwise Rotation
of the Ionian Zone, Western Greece. Tectonophysics 98, 11-27.
Jordanova, N., Henry, B., Jordanova, D., Ivanov, Z., Dimov, D., Bergerat, F., 2001. Paleomagnetism in
northwestern Bulgaria: geological implications of widespread remagnetization. Tectonophysics 343, 79-
92.
190
Kaymakci, N., Aldanmaz, E., Langereis, C., Spell, T.L., Gurer, O.F., Zanetti, K.A., 2007. Late Miocene
transcurrent tectonics in NW Turkey: evidence from palaeomagnetism and 40Ar-39Ar dating of alkaline
volcanic rocks. Geol Mag 144, 379.
Kissel, C., Kondopoulou, D., Laj, C., Papadopoulos, P., 1986a. New Paleomagnetic Data from Oligocene
Formations of Northern Aegea. Geophys Res Lett 13, 1039-1042.
Kissel, C., Laj, C., Mazaud, A., 1986b. First paleomagnetic results from Neocene Formations in Evia,
Skyros and the Volos Region and the deformation of Central Aegea. Geophys Res Lett 13, 1446-1449.
Kissel, C., Laj, C., Muller, C., 1985. Tertiary geodynamical evolution of northwestern Greece -
paleomagnetic results. Earth Planet Sc Lett 72, 190-204.
Kissel, C., Laj, C., Poisson, A., 1987. A paleomagnetic overview of the Tertiary geodynamical evolution
of the Hellenic Arc. Terra Cognita 7, 108.
Kissel, C., Poisson, A., 1987. Etude paldomagnetique preliminaire des formations cdnozoiques des Bey
Daglari (Taurides occidentales, Turquie). Comptes rendus de l'Acaddmie des sciences. Sdrie 2,
Mecanique, Physique, Chimie, Sciences de l'univers, Sciences de la Terre 304, 343-348.
Kondopoulou, D., 1982. Paleomagnetisme et deformations ndogenes du Nord de la mer Egee. PhD
Thesis, Universite de Strasbourg.
Kondopoulou, D., 1994. Some constraints on the origin and timing of magnetization for Mio-Pliocene
sediments from northern Greece. Bull. Geol. Soc. Greece 15, 53-66.
Kondopoulou, D., Caputo, R., 1997. Palaeomagnetic evidence for non-rotational deformation along the
Nea Anchialos Fault System, Central Greece. Ann Geophys 40.
Kondopoulou, D., Lauer, J., 1984. Palaeomagnetic data from Tertiary units of the north Aegean zone.
Geol Soc Spec Publ 17, 681-686.
Kondopoulou, D., Pavlides, S., 1990. Paleomagnetic and neotectonic evidence for different deformation
patterns in the South Aegean volcanic arc: the case of Milos island. Proceedings of the IESCA, Izmir 1,
210-223.
Kondopoulou, D., Westphal, M., 1986. Paleomagnetism of the Tertiary Intrusives from Chalkidiki
(Northern Greece). J Geophys-Z Geophys 59, 62-66.
Kondopoulou, D., Zananiri, I., Atzemoglou, A., Boidomatis, T., Michard, A., Feinberg, H.A., Pozzi, J.P.,
2007. Neogene tectonic rotations in the vicinity of the north Aegean trough: new palaeomagnetic
evidence from Athos and Samothraki (Greece). Bull Geol Soc Gr 40, 343-359.
Laj, C., Jamet, M., Sorel, D., Valente, J., 1982. First paleomagnetic results from Mio-Pliocene series of
the Hellenic sedimentary arc. Tectonophysics 86, 45-67.
Lovlie, R., Stole, G., Spjeldnaes, N., 1989. Magnetic polarity stratigraphy of Pliocene-Pleistocene marine
sediments from Rhodes, Eastern Mediterranean. Phys Earth Planet In 54, 340-352.
Marton, E., Drobne, K., Cosovic, V., Moro, A., 2003. Palaeomagnetic evidence for Tertiary
counterclockwise rotation of Adria. Tectonophysics 377, 143-156.
191
Marton, E., Papanikolaou, D.J., Lekkas, E., 1990. Paleomagnetic Results from the Pindos, Paxos, and
Ionian Zones of Greece. Phys Earth Planet In 62, 60-69.
Mattei, M., d'Agostino, N., Zananiri, I., Kondopoulou, D., Pavlides, S., Spatharas, V., 2004. Tectonic
evolution of fault-bounded continental blocks: Comparison of paleomagnetic and GPS data in the Corinth
and Megara basins (Greece). J Geophys Res-Sol Ea 109, B02106.
Mauritsch, H.J., Scholger, R., Bushati, S.L., Xhomo, A., 1996. Palaeomagnetic investigations in Northern
Albania and their significance for the geodynamic evolution of the Adriatic-Aegean realm. Geol Soc Spec
Publ 105, 265-275.
McFadden, P.L., Lowes, F.J., 1981. The Discrimination of Mean Directions Drawn from Fisher
Distributions. Geophys J Roy Astr S 67, 19-33.
Morris, A., 1995. Rotational deformation during Palaeogene thrusting and basin closure in eastern central
Greece: palaeomagnetic evidence from Mesozoic carbonates. Geophys J Int 121, 827-847.
Morris, A., 2000. Magnetic fabric and palaeomagnetic analyses of the Plio-Quaternary calc-alkaline series
of Aegina Island, South Aegean volcanic arc, Greece. Earth Planet Sc Lett 176, 91-105.
Morris, A., Anderson, M., 1996. First palaeomagnetic results from the Cycladic Massif, Greece, and their
implications for miocene extension directions and tectonic models in the Aegean. Earth Planet Sc Lett
142, 397-408.
Morris, A., Robertson, A., 1993. Miocene remagnetisation of carbonate platform and Antalya Complex
units within the Isparta Angle, SW Turkey. Tectonophysics 220, 243-266.
Muttoni, G., Kent, D.V., Brack, P., Nicora, A., Balini, M., 1997. Middle Triassic magnetostratigraphy and
biostratigraphy from the Dolomites and Greece. Earth Planet Sc Lett 146, 107-120.
Muttoni, G., Kent, D.V., Gaetani, M., 1995. Magnetostratigraphy of a Lower-Middle Triassic boundary
section from Chios (Greece). Phys Earth Planet In 92, 245-260.
Piper, J.D.A., Tatar, 0., Gursoy, H., Kocbulut, F., Mesci, B.L., 2006. Paleomagnetic analysis of
neotectonic deformation in the Anatolian accretionary collage, Turkey, in: Dilek, Y., Pavlides, S. (Eds.),
Geol S Am S, pp. 417-439.
Pucher, R., Bannert, D., Fromm, K., 1974. Paleomagnetism in Greece - indications for relative block
movement. Tectonophysics 22, 31-39.
Sen, S., Valet, J.P., loakim, C., 1986. Magnetostratigraphy and Biostratigraphy of the Neogene Deposits
of Kastellios Hill (Central Crete, Greece). Palaeogeogr Palaeocl 53, 321-334.
Spais, C., 1987. Palaeomagnetic and magnetic fabric investigations of Tertiary rocks from the
Alexandroupolis area, NE Greece. PhD. Dissertation, University of Southampton.
Speranza, F., Islami, I., Kissel, C., Hyseni, A., 1995. Paleomagnetic evidence for Cenozoic clockwise
rotation of the External Albanides. Earth Planet Sc Lett 129, 121-134.
Speranza, F., Kissel, C., Islami, I., Hyseni, A., Laj, C., 1992. First paleomagnetic evidence for rotation of
the Ionian zone of Albania. Geophys Res Lett 19, 697-700.
192
Surmont, J., 1989. Paleomagnetism in the Internal Hellenides - superimposed magnetization analysis,
using the remagnetization-circle method. Canadian Journal of Earth Sciences 26, 2479-2494.
Tozzi, M., Kissel, C., Funiciello, R., Laj, C., Parotto, M., 1988. A Clockwise Rotation of Southern
Apulia. Geophys Res Lett 15, 681-684.
Turnell, H.B., 1988. Mesozoic evolution of Greek microplates from paleomagnetic measurements.
Tectonophysics 155, 307-316.
van Hinsbergen, D., Dupontnivet, G., Nakov, R., Oud, K., Panaiotu, C., 2008. No significant post-Eocene
rotation of the Moesian Platform and Rhodope (Bulgaria): Implications for the kinematic evolution of the
Carpathian and Aegean arcs. Earth Planet Sc Lett 273, 345-358.
van Hinsbergen, D., Langereis, C., Meulenkamp, J., 2005. Revision of the timing, magnitude and
distribution of Neogene rotations in the western Aegean region. Tectonophysics 396, 1-34.
van Hinsbergen, D.J.J., Dekkers, M.J., Bozkurt, E., Koopman, M., 2010a. Exhumation with a twist:
Paleomagnetic constraints on the evolution of the Menderes metamorphic core complex, western Turkey.
Tectonics 29.
van Hinsbergen, D.J.J., Dekkers, M.J., Koc, A., 2010b. Testing Miocene Remagnetization of Bey
Daglari: Timing and Amount of Neogene Rotations in SW Turkey. Turkish Journal of Earth Sciences 19,
123-156.
Westphal, M., Kondopoulou, D., 1993. Paleomagnetism of Miocene volcanics from Lemnos island:
implications for block rotations in the vicinity of the north Aegean Trough. Ann Tecton 7, 142-149.
Westphal, M., Kondopoulou, D., Pavlides, S., 1991. Paleomagnetism of late Tertiary and Plio-Pleistocene
formations from Northern Greece. Bull Geol Soc Gr 25, 239-250.
193
- Ce
lonian-
Slea
4 ~ Levantine7
Sense of rotation during arc formation
f Sense of underthrusting
Figure 1.
200 240 28* 320
42 4 2*
C)
380 38*
Age (Ma) 7
,ow' 0-16.5
34* 34*54 .'56-130
40 mm/yr
3i40 oo' 130-340 340
200 240 280
Figure 2.
............  .. .  ..... . .. .. ......
390N -
380N
Figure 3.
196
-n
Time (Ma)
-' .. O w 0 -4 0D C"i 4 CaJ 0 -0a C O 0 CI 0) a1 4 w
0
Early Miocene Middle Miocene Late Miocene Pliocene
Agenian Orleanian Astaracian Vallesian Turolian Ruscinian Villany.
1 2 3 4 5 6 7+8 9 10 11 2 13 4516117
Oxylithos (0) X3.
rinos (Ti), Mykonos (my) N [
Skyros (Sk) 
. 3 Q
Lavrion-Plaka (PQ )
Kymni-Aliveri (K) 1 iL
Palloura-Gides (P) 
-u
41 Markopoulo-Kapandriti (Ka)
Larymna-Malesina (La)
Limna-Istaea (Li)
North Evia (N)
Megara (M)
Kymi-Aliveri (K)
KYN-lav
KYA-7bv
E
Oxylithos (0)
Down
Markopoulo (Ka)
NRM MRB-26b (IS) N
250C
1 E
400'
S Down
MRB-22b (IS) sl
Palioura (P)
NUP
NRM PSB-6a
2502C
E
250O'
NRM
S Down
PSB-la
Larymna (La)
V+U?
LAB-13b
NRM
S
Figure 5.
198
Plaka (PI)
per tk
S Down
LAVaf-23d (IS)
LBD-D3b
LAV-23b (IS)
Limni (L)
E
- 4oC
-7%20c
E
Down
MAR 14-19 Palloura marl
* Present-day field direction
Figure 6.
199
Palioura limestoneMAR 21-29
A. PRT95: Limni marts (tilt-corrected)
R1- - leversed
U
X component Y component Z component
1.0
0.8
0.6
0.4
02
I a 1 0.0
-20 0 20 40 60 80 100 120 140 160
Percent untilting
C. PRT95: Kymi Formation (tilt-corrected sites with a95 < 5*)
1.0
O.S
0.6
0.4II
0.2- /
0.0 0 .45 0.50 0.55 0.60 0.10 0.20 0.30 0.40 0.76 0.80 0.84
X component Y component Z component
D. PFT95: Kymi Formation (a95 <5)- 93 tol 26% unfolding
-20 0 20 40 60 80 100 120 140
Percent untilting
Figure 7.
£0
.0
0
81
E
U
1.0
10.8
0.6
0
0
1.0
0.8
0.6
- 0.4
- 0.2
- 0.0
160
jr26.7:9.2* kro 39 *N
3-4 Ma /? Skyros
Palioura Kymi 0
35.4±12.00 23.48.4* 23.68.7
<7 Ma 7Ma 15-13.5 Ma
arym
2700 ++ + + + + + + + + + + + 90
A. D±AD = 25.3±6.5*
23.4±11.90 I ± Al = 51.3±4.0*
<7 Ma k = 162.3, a95 =4.0*
-o 10 MarkopooJo N= 9
+
18.6116.5*
7 Ma 180'
-38 ON
Plaka
-40- 3800
-
--- 11.2±5.4
082 Ma Tinos
[27.616.7*
- -11.6 Ma
01
15 10 5 0
Unit age (Ma)
23 *E 24 *E 25 *E
Figure 8.
201
Continental Volcanic arcGavrovo Thrust -- AdriaAsgea Interface ; Submerged (now subaerial) ( Subaerial (now submerged)
Figure 9.
202
A x 1E-4 B
mT 0 50 100 150 200 250 300
Peak field (mT)
Supplementary Figure 1.
203
A C
0 0.5 1 1.5 2
B 109'* applied field (mT)
0 0.5 1 1.5 2
log,, applied field (mT)
2.5 3 0 0.5 1 1.5 2
D log,, applied field (mT)
5
4
3
I
IC,
2
1
0
2.5 3 0 0.5 1 1.5 2
log,1 applied field (mT)
E 1.5
1.0
% 0.5
8 0.0
r -0.5
-1.0
-1.5s t , . |1 , |
-300 -200 -100 0 100 200 300
Applied field (mT)
F
LBDc
2.0
1.0
-1.0
Hc = 15.2 mT
-2.0 Mr/Ms = 0.30
-300 -200 -100 0 100 200 300
Applied field (mT)
Supplementary Figure 2
204
1.0.
0.8.
~0.6
0.4
0.2.
2.5 3
Gradient acquisition plot
" B12 = 72.4 mT
DP=0.24
B, 2= 35.5 mT -DP-0.31
LBDc "
2.5 3
c
Chapter 4
Patterns of disruption of the External Hellenides thrust belt associated with Pliocene slab
retreat and implications for Aegean extension
Kyle Bradley
Abstract
The Pliocene deformation of the continental crust in western mainland Greece is intimately
related to the onset of rapid trench retreat along the southern portion of the Hellenic subduction
zone. I utilize the published paleomagnetic dataset to reconstruct the pre-Pliocene geometry of a
nearly linear External Hellenides thrust belt. Under this reconstruction, -50 km of right-lateral
offset parallel to the trend of the Kephalonia Fault was accommodated over -200 km distance by
spaced zones of dextral deflection without the development of through-going strike-slip faults at
the surface. In contrast with previous studies that deduced -50' of clockwise rotation mainland
Greece as a coherent block after Middle Miocene time, this reconstruction is consistent with a
Middle Miocene (-17-15 Ma) clockwise rotation of 35.8±4.4' followed by more localized
rotations related to thrust belt segmentation starting in Pliocene time. Comparison of the
Miocene rotation with reliable paleomagnetic declinations from the North Aegean region
suggests that relative rotations associated with Miocene back-arc extension were small.
1. Introduction
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The rate of trench retreat and the generation of subduction zone curvature is intimately
related to lateral variations in the physical properties of the downgoing lithospheric plate, and
therefore to paleogeography (Cifelli et al., 2008). The Aegean region presents one of the best
examples of crustal extension and strike-slip faulting related to rapid slab retreat within a broader
context of plate convergence (Figure 1). Papanikolaou and Royden (2007) and Royden and
Papanikolaou (2011) proposed that underthrusting of a southwest-facing, Mesozoic ocean-
continent transition zone beneath Western Greece during Pliocene time caused an abrupt increase
in the negative buoyancy of the downgoing lithospheric slab south of the latitude of Kephalonia
due to subduction of old oceanic lithosphere, resulting in acceleration of the slab rollback rate
(Royden and Husson, 2006, 2009) and nucleation of large continental transform faults above the
subducted transition zone. The Pliocene-to-Recent record of crustal deformation in western
mainland Greece therefore has broad implications for the geodynamics of rapidly retreating
subduction systems.
Right-lateral displacement between stable Europe and the Aegean Sea Block is presently
accommodated on a linked system of normal and strike-slip faults (McKenzie, 1972; Jackson and
McKenzie, 1983; Roberts and Jackson, 1991; Papanikolaou and Royden, 2007; Vassilakis and
Royden, 2011). The westernmost structures in this continental transform system are the steeply-
dipping, deep-seated, dextral strike-slip Kephalonia and Achaia Faults, which transfer a large
part of the rapid southwestward motion of the Aegean Sea Block into the Hellenic Trench
(Sachpazi et al., 2000; Royden and Papanikolaou, 2007). A puzzling feature of this region is the
lack of an onshore expression of the Kephalonia Fault, which projects northeastward into
206
Western Greece and is thought to have a lateral offset of -75 km (Royden and Papanikolaou,
2007).
Kinematic models of Aegean deformation constructed from seismicity, fault kinematics,
and large-scale plate motion constraints (McKenzie, 1972; Dewey and Sengar, 1979; Angelier
and Le Pichon, 1978; Taymaz, 1991), combined with more recent kinematic models based on
geodetic velocity fields (Kahle et al., 1996; McClusky et al., 2000; Nyst and Thatcher, 2004;
Reilinger et al., 2006, 2010; Floyd et al., 2010; Rontogiannoi, 2010), confirm the diffuse nature
of active deformation of the Aegean continental crust. Generalized reconstructions of the
evolution of the Aegean geometric arc have primarily been proposed based on paleomagnetic
records of vertical-axis rotation (Laj, 1982; Kissel, 1983; Kissel et al., 1986, 1995; van
Hinsbergen, 2005b). In this paper, I utilize paleomagnetic data compiled from the literature to
reconstruct in detail the deformation of western Greece associated with the development of the
Kephalonia Transform.
2. Geological background
The External Hellenides are the southern extension of the greater. Dinarides-Hellenides
thrust belt, and consist of the mainly sedimentary rocks of the Pindos, Gavrovo, Ionian, and
Paxos paleogeographic zones (Auboin, 1970). These successions were decoupled from their
basement and imbricated into a southwest-vergent, thin-skinned fold-and-thrust belt during
collision of the Apulian platform with the previously amalgamated Internal Hellenides-
Balkanides zones in Cenozoic time (Aubouin, 1970; Jacobshagen and Dornspien, 1986;
Papanikolaou, 1986). The Pindos Zone consists of an upper sequence of Paleogene flysch-type
sediments that dominate the eastern and northern parts of the range, and a stratigraphically lower
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sequence of Mesozoic pelagic sediments that is best exposed in the western and southern part of
the range (Jacobshagen and Dornspien, 1986). The Gavrovo, Ionian, and Paxos (Pre-Apulian)
zones represent separate paleogeographic domains of a Mesozoic carbonate platform that were
differentiated during Early to Middle Jurassic rifting and underwent synchronous sedimentation
in diagnostic facies associations until they incorporated into the External Hellenides Thrust belt
(Aubouin, 1970).
The External Hellenides are bordered to the east by the Mesohellenic Trough (MHT),
which is an elongate sedimentary basin that extends into southern Albania and contains the only
well-preserved sediments of Oligocene to Lower Miocene age deposited on the Pelagonian Zone
(s.l.). The oldest sediments in the MHT are the geographically isolated alluvial fan, fan delta, and
prodelta deposits of the Late Eocene Kranea Formation, which unconformably overlie ophiolitic
basement rock and are themselves overlain by the Lower Oligocene to Middle Miocene
sediments of the widespread Eptachori, Pentalofos, and Tsotili Formations (Zelilidis, 2002). This
large basin has been interpreted either as foreland basin in front of a west-dipping, east-vergent
backthrust (Doutsos, 1994), as a transtensional half graben (Zelilidis, 2002), or as a thrust-top
basin overlying an east-dipping, west-vergent thrust system (Vamvaka, 2006).
The dominant northwest-southeast structural grain in the External Hellenides and the
MHT is best reflected by the orientation of fault-related folds and the trace of thrust faults
separating paleogeographic domains. While the assembly of the External Hellenides is thought to
extend as far back as Eocene time (Jacobshagen and Dornspien, 1986), the main period of
thrusting within the Ionian Zone occurred during Late Burdigalian to Early Langhian time (-17-
15 Ma) (IGRS-IFP, 1966; Meulenkamp, 1982; Clews, 1989; van Hinsbergen et al., 2006;
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Karakitsios and Rigakis, 2007). Thrusting along the western edge of the Ionian Zone was
renewed in Early to Middle Pliocene time (Underhill, 1989).
While the paleogeographic zones of the External Hellenides are commonly drawn in a
generalized fashion with broadly curvilinear boundaries (e.g. Papanikolaou, 1984), in detail the
southern part of the thrust belt is characterized by abrupt and systematic changes in structural
trend (Figure 2). Structural trends in the Ionian Zone are primarily defined by fold trains that are
well expressed in topography. This zone can be subdivided into regions of uniform structural
trend separated by discrete boundaries or zones of structural deflection that cross-cut the fold belt
(Figure 2). Some of these boundaries coincide with previously identified faults or shear zones
(van Hinsbergen et al., 2005b, 2008; Jordan, 2005; Aliaj, 2006), while more localized deflections
in structural trend reflect diapirism of Triassic salt bodies (Underhill, 1989).
The largest structural deflection in the Ionian Zone is defined by the most internal thrust-
related fold, which underlies the Xerovouni range (Fl) and exhibits a dextral deflection of ~40
km over an along-trend distance of 40 km. A similar feature of smaller magnitude occurs west of
Konitsa (F2), where the same fold is displaced dextrally by 10 km over an along-trend distance
of 21 km. The more external parts of the Ionian Zone are characterized by complex geometries.
East of Corfu, the nearly linear fold trains of southern Albania are deflected to north-south trends
(F3). The trend of thrust-related folds on Kephalonia, Zakynthos, and Ithaki ranges between 3400
and 3600, parallel to the thrust belt trend in Akarnania (Underhill, 1989).
The main topographic feature of the Hellenides is the Pindos Range, which rises to
elevations of >2km before falling abruptly to elevations of 100-700 m along the eastern
rangefront. The most northerly structural deflection occurs near the southern part of the Korg8
graben in Albania, where the northern continuation of the western margin of the Mesohellenic
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Trough and the eastern edge of the Pindos Zone change trend from -315' to the north to -340'
to the south (F6). In Greece, the western margin of the Mesohellenic Trough is defined by
steeply eastward-dipping, fine-grained Eocene and Oligocene sediments that were deposited in a
shelf setting in prismatic bodies (Zelilidis et al., 2002), and which are presently exposed along
the topographic escarpment of the Pindos Range. West of Petralophos, the kilometer-scale
surface traces of individual beds (approximately equivalent to bedding strike) undergo an abrupt
change from trends of ~340* to trends of -320' over a distance of 5 km (F7). Further to the south
near Grevena, this trend bends to ~330-340 before again assuming a trend of ~320* near
Meteora (F8). The Western Thessaly paleogeographic zone is exposed in a prominent mountain
range along the western margin of the Karditsa basin (F2), which has the form of an arc of
uniform radius centered on the city of Trikala (Lekkas, 1988). To the south of this ridge, the
Pindos range front abruptly changes trend again from N-S to NW-SE, paralleling the form of the
F1 fold in the Ionian Zone. Continuing southward, the Pindos thrust sheets are deflected from a
regional trend of ~350' to the north of Lake Kremasta to a trend of ~010' to the east over a
distance of 20 km (F10). The southernmost deflection in structural trend of the Pindos fold-and-
thrust belt occurs between the Corinth and Pyrgos rift basins, where there is a change from a
thrust belt trend of ~330' in southern Akarnania to ~020-030 south of Patras, over an along-
trend distance of 60 km. van Hinsbergen et al. (2006) proposed that this deflection arose from
simultaneous extension in the Pyrgos Basin and the Gulfs of Patras and Corinth, which was
partially balanced by N-S shortening and development of a mega-anticline in the intervening
area. The Pindos Range therefore exhibits a zig-zag geometry that is best expressed in the
orientation of the eastern and western topographic escarpments, the hinge lines of plicated
210
sediments, and the trend of the Pindos Thrust. This alternation between trends of ~330' (zigs)
and ~350-360' (zags) defines ~20-40 km long sublinear segments.
3. Paleomagnetic constraints on post-thrusting deformation
A large number of reliable paleomagnetic measurements are available from Mesozoic
and Cenozoic sedimentary successions exposed in the External Hellenides thrust belt in Western
Greece (Laj, 1982; Horner and Freeman, 1983; Kissel, 1983; Kissel et al., 1986, 1995; Speranza,
1992, 1995; van Hinsbergen, 2005b; Broadley et al., 2006). These data directly constrain the
distribution and timing of vertical-axis rotations affecting the upper crust and define regions that
have rotated rigidly since termination of regional thrusting.
3.1. The Ionian Zone
Paleomagnetic site-mean directions from the Ionian Zone (Figure 4) exhibit a pronounced
streaking of magnetic declinations that records post-thrusting differential vertical-axis rotations
of up to 400 (Horner and Freeman, 1983; Kissel et al., 1995; Broadley et al., 2006). Horner and
Freeman (1983) presented a large, spatially distributed dataset (B 1 in Figure 5), from which they
calculated a tilt-corrected grand mean declination of 47.1±5.7'. Application of a rotation
correction that brings the structural trends into parallelism significantly improves the data
clustering and results in an average angle between paleodeclination and modern structural trend
of 65-67' (Figure 5, B2; Horner and Freeman, 1983). Broadley et al. (2006) presented additional
site-mean directions from the Mesozoic through Oligo-Miocene sediments of the southern Ionian
Zone that also exhibit pronounced directional smearing and yielded a tilt-corrected mean
declination of 49.2z14.6' (Figure 5, Al). While these authors concluded that correction of site
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declinations by local bedding strike does not greatly reduce the scatter of the overall dataset
(Figure 5, A2), bedding strike is often a poor measure of structural trend. After application of
structural corrections using the topographically expressed trend of fold trains (Table 2) and
exclusion of sites P04 and PSI due to their unfavorable location directly on fold axes and their
anomalously low degree of vertical-axis rotation, there is a notable reduction in declination
scatter (Figure 5, A3), a mean declination relative to a structural trend of 320' of 26.7±10.10, and
an average angle between declination and the local structural grain of 66.7± 10.30. These results
directly replicate the results of Homer and Freeman (1983). Kissel et al. (1995) presented site-
mean data from southern Epirus that exhibit little scatter in magnetic declination and yielded a
tilt-corrected grand mean declination of 58.0±6.2' (Figure 5, Cl) that appears nearly
incompatible with the results of Homer and Freeman (1983). However, the Homer and Freeman
(1983) dataset includes sites from the low-rotation region of southern Albania that is not
represented in the Kissel et al. (1995) dataset. Exclusion of these sites from the Homer and
Freeman (1983) dataset yields a tilt-corrected grand mean declination of 53.9±4.6' for the sub-
region of Epirus. The paleomagnetic results from these studies are therefore consistent with each
other.
Previous authors assumed that the structural trends of the Epirus region are largely
representative of the pre-Pliocene trend of the Ionian Zone, with an inferred pre-Pliocene thrust
belt trend of between 3300 and 3500 (Homer and Freeman, 1983; van Hinsbergen et al., 2005b;
Broadley et al., 2006). However, the distribution of paleomagnetic declinations in the greater
region shows that Epirus is the most internally deformed part of the thrust belt (Figure 4) and is
therefore an inappropriate point of reference. I calculated grand mean directions for regions of
internally consistent paleodeclination and structural trend (Figure 4). I subdivide the Ionian Zone
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in Greece into four subregions, corresponding with northern Epirus (NE), central Epirus (CE),
southern Epirus (SE), and Akarnania (AK); I also define another region that extends from
southern Albania into northernmost Epirus (SA). With the exception of the AK region, the
grand-mean declination calculated for each sub-region is statistically distinct from those of the
adjacent regions at 95% confidence (Figure 6A), indicating that the spatial variation in
paleodeclination reflects real differences in thrust belt geometry.
3.2. The Pindos Zone and the Mesohellenic Trough
Paleomagnetic data from the sediments of the MHT are available but their interpretation
is not straightforward. Van Hinsbergen et al. (2005b, 2008) presented site-mean directions for
seven sites drilled in the Kranea Formation (DD1-DD7) as well as eight sites drilled in the
Oligocene to Lower Miocene Eptachori, Taliaros, and Pentalofos Formations (DD8-9,EE2,5-
7,12-13) (DI in Figure 4). These directions exhibit a symmetrical reversal pattern and yield a
grand mean declination of 54.3±10.4', indicating that the clockwise rotation of the western
Pelagonian Zone locally approaches that of southern Epirus and exceeds that of southern
Albania. In contrast, Kissel and Laj (1988) reported seven site-mean directions (n=57 specimens)
from sites drilled in the Eptachori Formation in the same general region (the detailed location of
the sites is not published), yielding a grand mean direction of 32.5 ± 17.4' after exclusion of one
site with very high scatter and an anomalous northerly declination (KMHT in Table 3).
Similarly, Marton (1990) reported two site mean directions from Miocene clastic rocks exposed
along the western edge of the southern MHT near Meteora, which are of low quality but yielded
average declinations of-20-30' after tilt correction. Inclusion of these data with the KMHT sites
yields a mean declination of 26.9 13.8*. Marton (1990) also reported site-mean directions for the
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eastern Pindos Zone that exhibit a systematic variation in declination from NE-SW near Elati to
E-W near Diava, consistent with post-thrusting bending of the western margin of the Karditsa
basin.
The paleomagnetic data from the eastern margin of the External Hellenides therefore
exhibit a similar range in declinations as the Ionian Zone. This spread in declinations can
potentially be explained by segmentation-related deformation. The DD sites of van Hinsbergen
et al. (2005b) were drilled within the north-trending part of the F7 deflection along the eastern
projection of the Konitsa Fault Zone and the western projection of the Kastoria-Aridea Fault
Zone, while the EE sites of the same study were drilled within the F8 deflection along the
western projection of the Amphilokia Fault Zone and the eastern projection of the North Epirus
high-rotation zone. The large clockwise vertical-axis rotations at these localities may therefore
be local effects related to structural deflections analogous to the rotated zones in the External
Hellenides.
4. Transverse fault zones
Northern Greece is cut by a number of transverse (approximately E-W trending) fault
zones spaced between 30 to 60 km apart, most of which initiated in Pliocene time and are still
active.
The Korg8 graben (KG) of southern Albania is a Plio-Quaternary basin bounded by
NNE-SSW striking active normal faults that link southward into normal and strike slip faults
within the Ionian Zone in northwestern Greece (Aliaj, 2006). In northern Macedonia, the
Kastoria-Aridea Fault Zone (KAFZ) consists of a set of NE-SW striking normal faults that
truncate the Late Miocene deposits of the Florina-Ptolemais Basin (Goldsworthy and Jackson,
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2002). This fault system is seismogenic and accommodates NW-SE-oriented extension as
indicated by focal mechanisms from the 9 September 1984 Kozani earthquake (Anderson and
Jackson, 1987) and the 21 December 1990 Griva earthquake (Margaris and Boore, 1998). The
Konitsa Fault Zone (KFZ) consists of a set of NE-SW striking normal faults in northwestern
Greece that are delineated by sharp topographic escarpments (Galanakis et al., 1996; Doutsos
and Koukouvelas, 1998) and have generated destructive earthquakes (Papanastasiou, 2001).
The Aliakmon Fault Zone (AFZ) is a NE-SW trending segmented normal fault system
that controlled deposition within the Pliocene to Quaternary Kozani Basin (Doutsos and
Koukouvelas, 1998). The western portion of this fault zone remains poorly documented due to
poor surface exposure within the Mesohellenic Trough and low seismic activity. The 13 May
1995 (Ms = 6.6) Grevena earthquake was localized along an ENE-WSW trending normal fault
(with subordinate dextral strike-slip motion on some fault segments) underlying the MHT south
of Kozani (Hatzfield et al., 1997). The Aliakmon Fault Zone projects eastward to the Chalkidiki
Fault Zone, which is a seismically active normal fault system that continues eastward as the
Xanthi Fault (Goldsworthy and Jackson, 2002).
The Thesprotiko Shear Zone (TSZ) was identified by Jordan et al. (2005) based primarily
on morphometric analysis of topography as a strike-slip fault zone that traverses the Ionian Zone
along the prolongation of the Kephalonia Fault. Van Hinsbergen et al. (2006) attribute up to
20km of dextral offset of the Botsara Syncline to this feature. However, this structure remains
undescribed in the field, cannot be traced through apparently continuous, north-south trending
folds in contrast with the well-developed E-W trending, sinistral Petoussi Fault (Papanastasiou,
2001), and is not associated with an obvious band of seismicity. We interpret the Thesprotiko
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Shear Zone as reflecting the westward extension of the enigmatic deformation that generated the
F 1 deflection.
The South Thessaly Fault Zone defines the southern margin of the low-relief Karditsa
and Larissa basins, which underwent Pliocene NE-SW extension followed by Pleistocene N-S
extension (Caputo and Pavlides, 1993). This system of normal faults has generated a number of
destructive earthquakes in the last century (Ambraseys and Jackson, 1990) and represents the
westward continuation of the seismic lineament that follows the North Aegean Trough.
The Pindos Range is traversed by the E-W trending Sperchios-Kremasta Fault Zone
(SFZ), which represents the western prolongation of the Sperchios rift basin (Eliet and
Gawthorpe, 1995; Kilias et al., 2008). Within this fault zone, a set of conjugate strike-slip faults
accommodated NNE-SSW contraction and WSW-ENE extension, while a younger (still active)
set of normal faults accommodated approximately N-S extension (Kilias et al., 2008). The Gulfs
of Corinth and Patras are located within rapidly opening rift basins that accommodate
approximately N-S extension within a wide zone of distributed normal faulting (CFZ). Although
age constraints are difficult due to deep burial and submergence of the earliest syn-rift deposits,
this extension probably initiated around Middle to Late Pliocene time (Moretti et al., 2003;
Vassilakis and Royden, 2011 and references therein).
The continuity of these fault zones across the Pindos Range is not apparent on fault maps
or in active seismicity. Goldsworthy and Jackson (2002) proposed that the Aliakmon Fault Zone
could link to the Konitsa Fault Zone, but found no definitive evidence for continuity of this fault
system across the Mesohellenic Basin. Jordan et al. (2005) and van Hinsbergen et al. (2006)
proposed that the Thesprotiko Shear Zone links through the Pindos Range to the Aliakmon Fault
Zone, but did not describe the actual faults that form this link.
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5. Reconstruction of the External Hellenides thrust belt prior to -4 Ma
The apparent lateral deflections affecting the External Hellenides could have arisen from
numerous processes, including original structural complexities in the fold-and-thrust belt,
apparent deflection due to differential erosion or uplift, or lateral offset of originally linear
features by differential motion of the crust. The close spatial association of transverse fault zones
with the structural deflections of the External Hellenides thrust belt and with distinct regions of
excess vertical-axis rotation suggests that the apparent lateral offsets are true tectonic features
(Figure 2).
The grand mean declinations from the Ionian Zone exhibit a roughly linear variation with
the estimated mean structural trend (Figure 6B). A line of 1:1 slope fits within the 95%
confidence error bars, indicating that the deflections can be explained entirely by vertical axis
rotation of an originally linear belt. While thrust belts are never truly linear over distances of
>200 km, the errors inherent in our analysis allow for a reasonable amount of primary curvature.
Based on this correlation, we propose a qualitative reconstruction of the post-thrusting
wrenching of the External Hellenides that restores a linear thrust belt geometry at -4 Ma (Figure
7).
The region of southern Albania exhibits little internal post-thrusting deformation and low
net clockwise rotations, and therefore provides the best estimate of the pre-segmentation thrust
belt orientation. The SA grand mean direction which corresponds with a pre-Middle Miocene
thrust belt trend of 284.5±5.3', a post-Middle Miocene coherent clockwise rotation of 35.8±4.4',
and local segmentation-related clockwise rotations in Epirus and Akarnania in excess of 400.
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The proposed reconstruction allows a simple estimate of the lateral offset along the
onshore extension of the Kephalonia Transform system through mainland Greece, with a total
lateral offset of -50 km between southern Albania and the Pindos rangefront west of Karditsa,
accommodated over a distance of 200 km in three increments corresponding with three distinct
zones of dextral deflection. This is a large fraction of the convergence-parallel offset of the
seismically imaged Hellenic slab beneath northern Greece and Peloponnesos (Pearce et al., in
press). Reilinger et al. (2009) suggested that the tectonics of the Aegean region are consistent
with back-projection of the geodetic velocity field over at least the past several million years.
Back-projection of selected points along the Pindos-Pelagonian Zone contact using the geodetic
velocities of Floyd et al. (2010) produces an estimated thrust belt trend of ~315-320' at 4 Ma
(Figure 3), consistent with the trend recovered by our paleomagnetic reconstruction.
Large displacement gradients (100km over 100km) can be accommodated in continental
crust without the development of through-going faults expressed at the surface (Burchfiel et al.,
2008). There is little evidence for significant strike-slip motion on any of the active transverse
fault systems in northern Greece, with most faults breaking in as dip-slip normal faults
(Goldsworthy and Jackson, 1991). We suggest that these faults represent preexisting, deep-seated
strike-slip faults that transitioned to normal faults as regional stress patterns evolved from
northeast-southwest extension to north-south extension in Late Pliocene or Pleistocene time
(Mercier, 1989).
6. Implications for Miocene extension in the Aegean interior
Based on a grand mean direction derived from Eocene-Oligocene age sites in the Ionian
Zone and the Mesohellenic Trough (D ± AD/I ± AI/N of 51.2 ± 5.6/34.7 ± 6.5/85), van
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Hinsbergen et al. (2008) concluded that the Hellenides rotated clockwise as a coherent block by
51.2±5.6' starting after -17 Ma, thereby placing a basic geometric constraint on the deformation
western limb of the Aegean arc and setting an important boundary condition for the Middle
Miocene extensional systems in the western Aegean Sea region. However, the sites that are
incorporated into this grand mean direction are disproportionately derived from the more rotated
regions of the Ionian Zone in Epirus (Figure 8), with southern Albania contributing a minority of
site-mean directions (N=12 of 85). While the spatially-averaged clockwise rotation of the
External Hellenides is approximately 50' in southern Epirus and Western Greece (van
Hinsbergen et al., 2005b, 2006, 2008; Broadley et al., 2006), the correlation between magnetic
declination and structural trend, and the spatial association of zones of excess clockwise rotation
with transverse fault systems, indicate that the total deformation cannot be described as single-
phase rotation of a rigid block.
Bradley et al. (submitted) recently documented a clockwise rotation of ~25' that affected
Central Greece and the western Cycladic islands after Middle Pliocene time, and concluded that
between -15 Ma and -3-4 Ma there was no resolvable vertical-axis rotation in this region. The
timing and magnitude of this rotation is comparable to that observed south of the Kephalonia
Fault in the Ionian islands (Duermeijer et al., 1999; Kissel et al., ?). The Middle Miocene
rotation of the External Hellenides is therefore best reflected by the 35.5±5.3' clockwise rotation
of southern Albania. This is the value that should be compared with the paleomagnetic rotations
in the Chalkidiki and Rhodope regions, which lie north of the main transverse fault systems that
traverse the northern Aegean Sea.
Based on paleomagnetic and geological arguments, Brun and Soukoutis (2007) and van
Hinsbergen et al. (2008) suggested that relative rotation of the External Hellenides was
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accommodated by differential slip along the north-south trending Strymon Valley detachment
fault, which appears to have progressively larger offset southward. This fault separates the
Rhodope metamorphic complex from the upper-plate rocks of the Serbomacedonian Zone on the
Chalkidiki peninsula and has the characteristics of a typical extensional low-angle normal fault
(Dinter and Royden, 1993; Warwzenitz and Krohe, 1993; Dinter, 1998). Brun and Soukoutis
(2007) calculated a relative rotation of ~22' across the Strymon Valley detachment based on
comparison of paleomagnetic directions from the Sithonia-Ouranopolis plutonic suite
(Kondopoulou and Westphal, 1986) with a qualitative estimate of the clockwise rotation of the
western Rhodope (Haubold, 1997). Motivated by our revised estimate of the Middle Miocene
clockwise rotation of the External Hellenides, we revisit these arguments in detail.
Van Hinsbergen et al. (2008) recalculated from the data of Kondopoulou and Westphal
(1986) a mean direction for Eocene-Oligocene plutonic and contact-metamorphosed rocks of the
Chalkidiki peninsula that incorrectly incorporates the original published final mean direction as a
site and excludes a legitimate site (NO) (Sup. Table in Van Hinsbergen, 2008). We calculate a
paleomagnetic direction of (D ± AD/I ± AI/N = 37 ± 11.4/29.5 ± 9.9/8; STH in Table 3) for the
sites derived solely from the Sithonia-Ouranopolis pluton. The mean inclination of 29.5 ± 9.9'
falls well below the inclination observed in Eocene-Oligocene volcanics in the surrounding
region (Kissel and Laj, 1986; van Hinbsergen et al., 2008) and that expected this area based on
the APW path of stable Europe (Besse and Courtillot, 2002; Torsvik et al., 2008). This shallow
inclination is consistent with west-side-down tilting of the Sithonia Peninsula, which is
consistent with the regional tectonic context of block faulting along the northern edge of the
North Aegean Trough. Any hypothetical correction for southwestward tilting would bring the
Sithonia mean direction to a steeper inclination and more northerly declination. The published
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and recalculated Ouranopolis-Sithonia mean directions therefore cannot be meaningfully
interpreted in terms of regional rotations.
Kondopoulou et al. (2007) dated and paleomagnetically sampled the Eocene (43.3 ± 1.0
Ma, K-Ar biotite) Grigoriou pluton on the Athos peninsula. We recalculate a locality mean
direction from their data (GG in Table 3) after exclusion of two sites (FA and FC) showing
anomalously shallow inclination. This direction is in good agreement with the expected local
inclination during Eocene time and requires no additional interpretation beyond clockwise
vertical-axis rotation of 16.4±13.20. Notably, the single site-mean direction reported from the
lerissos pluton (MDL, Kondopoulou and Westphal, 1986) has a reasonable inclination of 58±5'
(Kondopoulou, 2007), supporting the interpretation that the Sithonia peninsula is back-tilted
while the Athos peninsula is not.
Early to Middle Miocene volcanics and sediments from the Strymonikos and Axios
basins provide additional paleomagnetic constraints on the rotation history of this region.
Kondopoulou (1994) reported mean directions from four sites (26 individual beds, 102 samples)
located within Lower Vallesian to Turolian (~12-7 Ma) sediments of the Axios basin, and
Westphal et al. (1991) reported site mean directions for two Early Miocene lavas in the
Strymonikos basin. Acknowledging that these lavas are undersampled with respect to
paleosecular variation, we calculate a Middle to Late Miocene grand mean direction (CM in
Table 3). Noting the similarity between Eocene and Miocene directions in the Chalkidiki region,
we further calculate an Eocene-Miocene grand mean direction (CEM in Table 3) that is
consistent with clockwise rotation of this crustal block by 23.7±13.20 since Middle Miocene
time.
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Abundant paleomagnetic data are available from the greater Rhodope region. Kissel
(1982) presented site mean directions from Eocene-Oligocene volcanics that crop out in the
southeastern Rhodope metamorphic complex. Van Hinsbergen (2008) reported an additional
N=46 sites sampled from Eocene-Oligocene lavas in the central Rhodope. Haubold (1997)
reported a locality mean from Oligocene marls exposed near Pithion in the eastern Thrace basin.
Atzemoglou (1994) presented locality mean directions from the Late Oligocene Xanthi pluton
and the Early Miocene Kavala pluton, as well as a single site mean direction derived from a
Cretaceous pluton at Elatia and a locality mean derived from two sites drilled in Oligocene
volcanics at Zagradenia. These data of exhibit an interesting variation in paleodeclination with
geographic position, with the sites drilled in the topographically high western Rhodope
exhibiting consistent declinations of 20-25'and those drilled in the topographically subdued
eastern Rhodope exhibiting delinations of 0-10'. This spatial variation conflicts with the
assumption of coherent block rotation between the western and eastern Rhodope, the
Srednegorie zone, and the Moesian platform since Eocene-Oligocene time (van Hinsbergen et
al., 2008). We account for this regional variation in paleomagnetic rotation by calculating
separate grand mean directions for the western Rhodope massif (D ± AD/I AI/N = 21.6 ±
6.5/49.2 ± 4.2/9; WR in Table 3) and the eastern Rhodope (D ± AD/I AI/N = 8.3 ± 10.2/49 ±
6.6/20; ER in Table 3).
The amount of post-Middle to Late Miocene vertical-axis rotation across the Strymon
Valley Detachment estimated from the WR and CEM grand mean directions is 2.5+14.8'. We
conclude that there is no paleomagnetic or structural evidence for relative rotation between the
Chalkidiki and the western Rhodope. The difference in rotation between the Middle Miocene
External Hellenides as estimated by the SA grand mean direction and that of the western
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Rhodope and Chalkidiki is ~104. This small relative rotation could have been accommodated on
a single structure such as the Strymon Valley Detachment, by distributed crustal deformation
within mainland Greece, or by arc-perpendicular extension in the northern Aegean region that
persisted until Plio-Pleistocene time. Yet another possibility is that the external carbonate
platform underwent a small clockwise rotation prior to Miocene thrusting.
7. Conclusions
The distribution of paleomagnetic declinations in the External Hellenides reflects a two-stage
deformation history, with an initial clockwise rotation of an internally coherent block by
~35±5.3' during Middle Miocene time and a resulting regional structural trend of ~320',
followed by fragmentation of the thrust belt and localized clockwise rotation after Pliocene
initiation of southwestward displacement of the Aegean Sea Block. Right-lateral shearing of
mainland Greece was accommodated by dextral deflection along spaced deformation zones that
linked to transverse fault systems in Western Greece and the northern Aegean Sea region,
creating a stepped and bent geometry of an originally quasi-linear thrust belt. The area between
the Kephalonia Fault and the main rift systems of Central Greece therefore accommodated a
large percentage of the Pliocene retreat of the Hellenic Trench through a combination of
distributed right-lateral shearing and block rotation. In contrast with previous estimates of
clockwise rotation of ~500 of an internally-rigid West Hellenides block, we propose a rigid
rotation of 35.8±4.40 of the External Hellenides thrust belt in Miocene time, followed by more
localized rotations related to Pliocene thrust belt segmentation and trench retreat. Combined with
a reassessment of paleomagnetic rotation data from the Rhodope region, this boundary condition
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requires only a small amount of relative rotation across the Miocene extensional detachment
systems of the northern Aegean Sea.
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Figure Captions
Figure 1. Regional plate tectonic context of the Aegean region, modified from Le Pichon and
Kreemer (2010). GPS velocities are relative to stable Eurasia.
Figure 2. Structural trends in the External Hellenides, geodetic velocity field. GPS velocity
vectors are in a Europe-fixed reference frame and are taken from Floyd et al. (2010). Faults are
generalized from Tselentis et al. (2006), Caputo and Pavlides (1993), Doutsos and Koukouvelas
(1998), Hatzfield et al. (1997), Vassilakis and Royden (2012), Kilias et al (2008), and
Goldsworthy and Jackson (2002). White arrows show directions of maximum extension inferred
from field measurements of fault slip and moment tensor solutions of moderate to large
earthquakes. Black arrows indicate the direction of maximum shortening associated with thrust
faulting along the western coastline. Capital letters indicate fault systems discussed in the text.
Fl-F10: regions of structural deflection. Map projection is Greek Grid.
Figure 3. Reconstruction of the trend of the Pindos-Pelagonian Zone contact at 4 Ma by back-
projection of four selected points through the present-day geodetic velocity field using the
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nearest GPS velocity at each 1 Myr step. Large blue arrows indicate paleomagnetic declinations
older than 130 Ma, which are progressively deflected from trends of ~3100 in Albania and
northern Greece to trends of ~360' south of the Gulf of Corinth; small blue arrows indicate NE-
SW trending results from Argolis and Central Greece (Pucher, 1974; Lauer and Kondopoulou,
1987; Surmont, 1989; Mauritsch, 1990; Marton, 1990; Edel, 1991, 1992; Feinberg, 1994; Morris,
1995, Muttoni, 1997). Map projection is Greek Grid.
Figure 4. Paleomagnetic declinations, sub-domains of consistent declination (dashed white
lines), and grand-mean directions calculated for each sub-domain in the Ionian Zone compiled
from references cited in the text. Paleomagnetic data is colored by inferred age of magnetization.
SA: Southern Albania; NE: Northern Epirus; ME: Middle Epirus; SE: Southern Epirus; AK:
Akarnania.
Figure 5. Paleomagnetic justification for reconstruction of an originally linear fold belt oriented
at ~320' using previously published paleomagnetic data. Blue wedges indicate the range of
present-day structural trends at each locality. Red (green) wedges indicate the zone of 95%
confidence of the mean paleomagnetic declination prior to (after) correction for deviation of
structural trend from the trend of the thrust belt in southern Albania.
Figure 6. Grand mean declinations calculated for sub-regions of the Ionian Zone in Greece and
Albania. A) Plot of mean declination versus spatial location, showing non-overlap of 95%
confidence intervals. B) Plot of paleomagnetic declination versus local structural trend. Dotted
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line: slope of 1 expected for a perfectly linear thrust belt prior to disruption. Dashed line: linear
best fit line with a slope of 3:4.
Figure 7. Schematic reconstruction of the External Hellenides using southern Albania as a
reference region and assuming that deformation was accomplished without development of
through-going faults at the surface. Thick lines indicate zones of strong clockwise rotation and
dextral deflection of the thrust belt.
Figure 8. Contribution of paleomagnetic site-mean data from rotational subdomains of the
External Hellenides and the Mesohellenic Trough to the mean direction used by van Hinsbergen
et al. (2008) to estimate the rotation of the Western Greece Block.
Figure 9. Paleomagnetic and structural constraints on relative rotations in the Rhodope and
Chalkidiki regions. Site mean directions decorated asterisks are considered to be unreliable
recorders of regional vertical-axis rotation. Gray wedges show mean grand-mean paleomagnetic
declinations and the associated 95% confidence interval (ADec). Small dashes are lineation
trends compiled from Walcott and White (1998), Burg et al. (1990), Schermer et al. (1993),
Kilias et al. (1999, 2010), Meyer (1969), Brun and Soukoutis (2007), Jahn-Awe (2009), and
Bonev and Beccaletto (2007).
Table Captions
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Table 1. Paleomagnetic grand mean directions for subregions of the Ionian Zone calculated from
published data. N/n: number of sites/specimens; D,AD: declination and 95% confidence interval;
I,AI: inclination and 95% confidence interval; k: Fisher precision parameter; a95 : Fisher 95%
confidence interval; Ref: Reference of original data (*, our calculation; 1: Broadley et al., 2006;
2: van Hinsbergen et al., 2005a; 3: Kissel et al., 1985; 4: Homer and Freeman, 1983; 5: Speranza
et al., 1992; 7: Marton, 1990).
Table 2. Structural corrections applied to the data of Broadley et al. (2006) based on the regional
trend of folds rather than bedding orientation at each site. D,,I,: tilt-corrected declination and
inclination; Fold trend: structural trend estimated from topographically expressed fold trend at
each site; Strike: bedding strike at each site; Af: angle between fold trend and Ds; De,Ic:
declination and inclination after rotation of each site from the local structural trend to the 3200
reference trend from southern Albania; D,AD: declination and 95% confidence interval; I,AI:
inclination and 95% confidence interval; k: Fisher precision parameter; a95: Fisher 95%
confidence interval.
Table 3. Paleomagnetic directions calculated for the Rhodope and Chalkidiki regions from
published data. N/n: number of sites/specimens; D,AD: declination and 95% confidence interval;
I,AI: inclination and 95% confidence interval; k: Fisher precision parameter; a95: Fisher 95%
confidence interval; Ref: Reference of original data (*: our calculation; 1: Kondopoulou and
Westphal, 1986; 2: Kondopoulou et al., 2007; 3: Kondopoulou, 1994; 4: Westphal et al., 1991; 5:
Kissel and Laj, 1988; 6: Atzemoglou et al., 1994; 7: Haubold et al., 1997; 8: van Hinsbergen et
al., 2008; 9: Kissel et al., 1986a).
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Records of Paleoarchean geomagnetism, climate, and tectonics across Earth's oldest
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ABSTRACT
Paleomagnetism has provided key constraints on the evolution of Earth's climate,
geomagnetic field, and continental geography through time. Extending these constraints
into deep time is particularly challenging due to the sparsity of the ancient rock record.
Here we report paleomagnetic measurements on the NASA Astrobiology Drilling Project
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(ABDP)-8 core drilled through one of the world's least deformed and metamorphosed
Paleoarchean [3200-3600 million year old (Ma)] rock successions located in the East
Strelley Belt of the East Pilbara Terrane, Western Australia. The ~3350 Ma Euro Basalt
preserves a shallow magnetic inclination that was acquired during early seafloor
hydrothermal alteration, suggesting that the evaporitic carbonate platform of the
underlying Strelley Pool Formation was also deposited in a shallowly-dipping magnetic
field. This is consistent with Late Paleoarchean climatic zoning, low orbital obliquity,
and a geocentric axial dipole (GAD) field geometry similar to that of today. The Euro
Basalt paleopole overlaps with previously published Paleoarchean poles from the East
Pilbara Terrane and with time-equivalent poles from the Barberton Greenstone Belt of the
Kaapvaal Craton, supporting for the existence of a Paleoarchean Vaalbara combined
terrane. Two regional, high-relief erosional unconformities exposed in these terranes
provide key tie points for correlation of the bracketing supracrustal sequences.
INTRODUCTION
Planetary orbital obliquity determines the distribution of insolation over Earth's
surface. Modern Earth has a low obliquity (230) that controls the Hadley cell circulation
pattern, leading to moisture-rich tropics and carbonate platforms equatorward of -300
latitude (Salby, 1996). Early paleomagnetic studies observed that carbonate platforms
were deposited below ~30' latitude throughout much of the Phanerozoic era under the
assumption of a geocentric axial dipole (GAD) field geometry (Briden, 1970). This
consistency helped establish the GAD hypothesis as a foundational principle in
paleomagnetism for characterizing polar wander, continental reconstructions, and the
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paleolatitudes of climate-sensitive rocks like glacial sediments associated with the
Snowball Earth (Evans, 2006).
While Earth's geomagnetic field existed as early as -3450 Ma (Biggin et al.,
2011; Tarduno et al., 2007; Tarduno et al., 2010; Usui et al., 2009), reconstruction of the
field geometry using globally-distributed paleomagnetic data is not feasible due to severe
undersampling of Paleoarchean rocks. Furthermore, the climate pattern at this time
would have depended on many unconstrained factors, including the configuration and
proportion of land masses and oceans, the intensity of insolation, the angle of orbital
obliquity, and the temperature and composition of the atmosphere and ocean (Spiegel et
al., 2009). There is therefore very little prospect of fully characterizing Earth's earliest
climate zonation using traditional paleomagnetic methods. However, the magnetization
of exceedingly rare, well-preserved Paleoarchean volcanic rocks interbedded with
chemical sediments can be used to test whether the basic conditions that have prevailed
since ~2,000 Ma, including a GAD field geometry, orbital obliquity <540, and a
latitudinally zoned climate (Evans, 2006), might have originated in much deeper time.
If the GAD hypothesis is assumed to hold for Paleoarchean time, then
paleomagnetic data from this era can also be used to infer relative positions of some of
the earliest known continental masses. In particular, they could be used to test the
hypothesis that the Barberton Greenstone Belt of South Africa and the East Pilbara
Terrane of Western Australia are the remnants of a single proto-continental mass, termed
Vaalbara (Cheney et al., 1988). Such an association has long been suggested by the
broad similarity between these two supracrustal successions and associated intrusive
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suites. The earliest paleomagnetic tests of the Vaalbara hypothesis had to rely on
comparisons of inferred paleolatitude alone (Zegers et al., 1998), but publication of more
reliable Neoarchean paleomagnetic poles from both terranes made a direct plate-tectonic
restoration feasible (de Kock et al., 2009 and references therein). Furthermore,
Paleoarchean poles from both terranes coincide after this restoration, consistent with the
existence of Vaalbara as early as -3,450 MA (Biggin et al., 2011). While the
paleomagnetic record from the Barberton Greenstone Belt has improved in recent years
(Biggin et al., 2011), the time-equivalent dataset from the East Pilbara Terrane remains
small and relatively unreliable.
Remanent magnetization in well-preserved rocks in the East Pilbara Terrane
therefore has great potential for directly testing multiple hypotheses of uniformitarian
conditions in Paleoarchean time. With these goals in mind, we examined the ABDP-8
core drilled near Strelley Pool in Western Australia (Fig. 1A, B). The ABDP-8 core has
two key advantages over outcrop samples: 1) it is unaffected by the modem oxidative
weathering and lightning strikes that have largely remagnetized the surfaces of low grade
Paleoarchean terranes, and 2) it provides a semi-continuous stratigraphic time sequence
through two of the oldest known and least metamorphosed rock sequences in the world.
The bottom of the core transects greenschist facies rocks of the predominantly felsic
-3515 Ma Coucal Formation (120 m of stratigraphy) and the mafic ~3508 Ma Double
Bar Formation (50 m of stratigraphy) (Fig. 2A), which are overlain with angular
unconformity (Buick et al., 1995) by the ~3430-3350 Ma Strelley Pool Formation (25 m
of stratigraphy) and the 3350-3335 Ma Euro Basalt of the Kelly Group (140 m of
stratigraphy). Rocks in the East Strelley Belt have experienced metamorphic grades of
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prehnite-pumpellyite to lowermost amphibolite facies (Green et al., 2000) at temperatures
between -250 and ~500'C (Harnmeijer, 2009), but at the ABDP-8 site the metamorphic
grades are greenschist below the unconformity and prehnite-pumpellyite above.
MAGNETOSTRATIGRAPHY
We performed a high-resolution magnetostratigraphic analysis of the ABDP-8
drill core. Details of the experimental methods are presented in supplementary text and
figures in the Data Repository. Individual core fragments were geographically oriented in
both inclination and declination during drilling using a BallmarkTM system. Using a
combination of incremental three-axis alternating field (AF) and thermal demagnetization
of 185 oriented specimens, we identified up to three well-characterized magnetization
components in igneous samples ( I dIkec 1)R\1 I I Hk), but found that the silicified
sedimentary rocks of the Strelley Pool Formation lacked a stable magnetization. In all
igneous samples, we identified an up-core drilling overprint (DOP) that was mostly
removed by progressive AF demagnetization to 20 mT (I iure I )), although in some
specimens this overprint persisted to high temperatures during subsequent thermal
demagnetization. We also identified high-temperature origin-trending components that
unblocked between 280-570'C in 102 specimens from both the Euro Basalt and Coucal-
Double Bar rocks (denoted EB and CD, respectively).
Maximum unblocking temperatures and rock magnetic experiments indicate that
the EB and CD components in all igneous samples for blocking temperatures >-350 0C
are carried by fine-grained low-Ti titanomagnetite. We refer to these portions of the
components as EBm and CDm, respectively (Fig. 1D). For 31 specimens, we observed a
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large amount of demagnetization between 280-350'C. Petrographic identification of
dispersed pyrite grains indicates that monoclinic pyrrhotite also contributes to the
magnetic remanence. We refer to the components fit to this temperature range as EBp
and CDp, respectively (Fig. 1 C).
After exclusion of specimens that were improperly oriented during quartering of
the drill core and correction of some EBp directions for this misorientation (h H ) RO,
we identified clustered EBp and EBm directions and distinct, clustered CDp and CDm
directions (Fig. 1E). Although the EBp and CDp directions could potentially retain a
record of the geomagnetic field direction in iron sulfide minerals that grew during early
hydrothermal alteration or subaerial weathering, we prefer to interpret them as grain-
growth CRM components that generally parallel the dominant low-Ti titanomagnetite
magnetization. These low-temperature magnetizations could therefore significantly
postdate the high-temperature magnetizations and are not inherently meaningful.
A sharp (870) change in the direction of the in-situ high-temperature
magnetization, from the CDm to the EBm component, occurs across the sub-Strelley Pool
Formation unconformity. Because these components both appear to be carried by fine-
grained, low-Ti titanomagnetite ( Is DR k DRI) 7 , we interpret this stepwise change in
magnetization as a positive unconformity test, indicating that the rock column has not
been completely remagnetized since emplacement and early hydrothermal alteration of
the Euro Basalt. While we cannot rule out wholesale alteration and remagnetization of the
rocks beneath the unconformity well after emplacement of the Euro Basalt, we believe
that the simplest interpretation relates the step change in magnetization direction to the
time gap represented by the erosion surface. The CDm magnetization was therefore
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acquired between ~3508 Ma and ~3350 Ma, placing it within the range of the oldest
known terrestrial magnetizations, while the EBm magnetization was acquired soon after
~3350 Ma. Due to the unresolved nature of the deformation that accompanied formation
of the angular unconformity, it is not possible to confidently infer a paleopole from the
CDm magnetization.
DISCUSSION
Paleoarchean geomagnetism and climate
The shallow-water Strelley Pool Formation preserves some of the oldest putative
biogenic stromatolites as well as recently-reported putative microbial microfossils, and is
one of the earliest proposed examples of an evaporitic environment (Allwood et al., 2006;
Lowe, 1980; Wacey, 2010; Wacey et al., 2011). Partially silicified laminites covering
~30,000 km2 areal extent (Hickman, 2008) record the widespread development of a
carbonate platform (Lowe, 1983) that is unique in the Paleoarchean sedimentary record.
The common occurrence of primary and diagenetic evaporites indicates supersaturation
due to periodic basin restriction (Hofmann et al., 1999; Lowe, 1983), and sedimentary
structures characteristic of tidal action (de Vries et al., 2010) support a periodic
connection to the open ocean. In the modem climatic context, this close association of
evaporites and platform carbonates in a marginal marine setting would be most consistent
with deposition at lower than -30' latitude (Briden, 1970; Kiessling et al., 2003).
Because there is a conformable (Van Kranendonk, 2006) and locally interfingering (de
Vries et al., 2010) contact between the Euro Basalt and the underlying Strelley Pool
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Formation, a steep EBm component would be inconsistent with magnetization under
modem (post-2,000 Ma) conditions. Following structural correction, the EBm component
has a shallow inclination that would correspond with magnetization at low paleolatitude
(7.7 ± 2.50) under the assumption of a GAD field. This is consistent with the combined
hypotheses of uniformitarian climate zonation, orbital obliquity, and GAD field geometry
during deposition of Earth's oldest known carbonate platform. However, it does not
require any of these three hypotheses to be true individually.
Paleoarchean Vaalbara
The consistency of paleopole directions reported from low-grade sequences in the
Barberton Greenstone Belt demonstrates at least local preservation of Paleoarchean
geomagnetic field directions (Biggin et al., 2011). Coincidence of the EBm paleopole
with that of the Duffer Formation (McElhinny and Senanayake, 1980) (Fig. 2E) indicates
that directionally consistent magnetizations also persist in the East Pilbara Terrane.
Because the EBm paleopole overlaps with the Kaapvaal paleopoles after application of
the de Kock et al. (2009) reconstruction (Figure 3), our data are consistent with the
Paleoarchean Vaalbara hypothesis.
The sub-Strelley Pool Formation unconformity separates mainly subaqueous
volcanics and cherts from shallow-water volcaniclastic sediments (Buick et al., 1995). In
the Barberton Greenstone Belt, an erosional unconformity with >1 km vertical relief
truncates the upper felsic volcanics and cherts of the Hooggenoeg Formation and is
blanketed by the clastic deposits of the Noisy Formation (de Wit et al., 2011). Detrital
zircons constrain the maximum age of the lower Strelley Pool Formation to -3426-3434
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Ma (Fig. 4A and Table DR7). The texturally similar and potentially correlative sediments
of the upper Panorama Formation (de Vries et al., 2006; Hickman, 2008) also yield
detrital zircon populations of 3430-3433 Ma. In contrast, non-detrital zircon ages from
the basal Panorama Formation volcanics range from 3446 ± 5 Ma to 3458 ± 2 Ma (Fig.
2F). In the Coppin Gap greenstone belt, the contact between these volcanics and
sediments has locally been mapped as an unconformity (de Vries et al., 2006), and may
generally reflect a depositional hiatus (Green, 2001). While the Noisy Formation has
generally yielded zircon ages that cluster around ~3450 Ma (de Wit et al., 2011), Noisy
Formation sediments that blanket the unconformity contain a population of detrital
zircons with a mean age of -3432 Ma, and felsic intrusive rocks in the Hooggenoeg
Formation underlying the volcaniclastic sediments have been dated at 3445 ± 4 Ma or
3451 ± 5 Ma (Figure 4B). Within the large uncertainties inherent in detrital zircon dating
by the LA-ICPMS method, both unconformities appear to record the same minimum
~10-15 Myr time gap.
The Noisy, lower Strelley Pool, and upper Panorama Formation sediments were
deposited in very similar subaerial to shallow-water conditions in extensional settings (de
Vries et al., 2010). Furthermore, the Noisy Formation is overlain by pillow basalts, thin
cherts, and mafic sills of the Kromberg Formation that are comparable to Euro Basalt
lithologies. Altered peridotitic masses occur locally near the base of the Euro Basalt
(Hickman, 2008) and the Kromberg Formation (de Wit et al., 2011). With the addition of
the Euro Basalt paleopole from this study, both erosional unconformities are bracketed by
reliable paleomagnetic poles that indicate near-equatorial positions under an assumed
GAD field geometry. The stratigraphic similarities and comparable paleopole directions
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suggest that a period of uplift and exposure to subaerial erosion affected a unified
Vaalbara terrane between ~3445 and ~3430 Ma. The resulting unconformity extended
over an area broader than the largest continuous lava or sediment packages, and is more
reliable as a correlative surface than individual lithological units.
CONCLUSIONS
Our paleomagnetic data from the ABDP-8 core are consistent with the combined
hypotheses of uniformitarian climatic zonation, orbital obliquity, and geomagnetic field
geometry as implied by the low apparent paleolatitude of the climate-sensitive sediments
of the Strelley Pool Formation. Furthermore, the coincidence of the tilt-corrected Euro
Basalt paleopole with that of the Duffer Formation (McElhinny and Senanayake, 1980)
supports the Paleoarchean Vaalbara hypothesis under the assumption of a GAD. The
seemingly independent records of mantle evolution, tectonic style, and the development
of early microbial life inferred from the geological record of these Paleoarchean terranes
may in fact represent the development and exposure of a single crustal mass (Biggin et
al., 2011).
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Figure Captions
Figure 1. Overview of paleomagnetic results from the ABDP-8 drill core. A,
Generalized geological map of the study area (Van Kranendonk, 2000). The core was
drilled at 21.10000 S, 119.1864' E. B, Representative vector endpoint diagrams in
geographic coordinates for two specimen demagnetizations. Colored arrows indicate
linear component fits. C, D, E, Equal-area stereographic projections of component fits
and mean component directions. PLF = present local field direction. C, High-
temperature fits EBm and CDm. The drilling overprint (DOP) is oriented along the
borehole axis (large open star). D, Low-temperature fits EBp and CDp. E, EBm and
CDm after correction for tilting in two stages (Supplementary Text 1.1).
Figure 2. Magnetic stratigraphy of ABDP-8 core. A, Geologic stratigraphy of core.
EB = Euro Basalt, SPF = Strelley Pool Formation, AZ = sub-unconformity alteration
zone, DBF = Double Bar Formation, CF = Coucal Formation. B, C, Variation of
remanent magnetization directions with depth in geographic coordinates. Solid circles
are EBm and CDm directions from specimens that were accurately oriented during
drilling. Open circles are EBm and CDm directions from specimens whose directions
have been corrected by rotation about the drill core axis to minimize the great circle
distance to the mean direction of well-oriented specimens and are presented for reference
only (vertical red bars; widths of bars represent 95% confidence intervals of fit direction).
D, Variation of the forward S ratio with depth.
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Figure 3. Selected Paleoarchean and Neoarchean virtual geomagnetic pole positions and
associated 95% confidence intervals from the East Pilbara Terrane and Barberton
Greenstone Belt plotted A, before and B, after reconstruction of Neoarchean Vaalbara
(data from Biggin et al., 2011; de Kock et al., 2009; Tarduno et al., 2007), with a possible
apparent polar wander path for a unified Vaalbara terrane between 3,500 Ma and 2,700
Ma. Paleopoles are taken from de Kock et al. (2009) and Biggin et al. (2011). Stars: Euler
pole of rotation for the de Kock et al. (2009) restoration.
Figure 4. Composite stratigraphic columns (not to scale) of supracrustal successions
bracketing the oldest known erosion surfaces from A, the Barberton Greenstone Belt
(Hooggenoeg, Noisy, and Kromberg Formations) and B, East Pilbara Terrane (Duffer,
Apex, Panorama, Strelley Pool, Euro, and Wyman Formations). Shown are radiometric
age constraints, with superscripts referencing sources given in Table DR7. Age
constraints for sediments blanketing the unconformities are provided by probably detrital
zircons. Available paleopole constraints (Fig. 3) are indicated (see text for details).
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Chapter 5: Supplementary information
1.0 Paleomagnetism and rock magnetism
1.1 Sample acquisition and orientation. We acquired 185 samples at approximately
equal intervals from the ABDP-8 quarter core housed at Arizona State University (ASU)
using a 2.54 cm diameter diamond drill bit mounted on a drill press. Samples were cut
into mutually-oriented specimens (-5 cm 3 each) and end chips (1-3 cm3 each) that were
subjected to paleomagnetic and rock magnetic experiments. We calculated the sample
orientations using BallmarkTM orientation lines, correcting for down-core variation in
drill core azimuth and inclination from 310 to 3200 and 60 to 590, respectively. The unit
attitudes used for structural corrections were confirmed by intersection of chert beds
observed in outcrop (Fig. 1A) with those observed at depth in the drill core (Fig. 1B).
These are also consistent with surface exposures as well as bedding orientations
calculated from intersection angles of semi-planar chert bedding in well-oriented core
segments (Fig. 1A). The Euro Basalt samples were tilt-corrected using the bedding dip
direction/dip 181'/70' under the assumption that deformation was primarily driven by
radial tilting away from the Carlindie granitoid rather than the development of the
southwestward-plunging Pilgangoora Syncline megafold, which increases dramatically in
intensity of folding and metamorphism westward. The Double Bar and Coucal directions
underwent the same correction, followed by a further tilt-correction of the remaining
bedding dip direction/dip 102'/36'.
We prepared all paleomagnetic specimens using water-cooled, nonmagnetic
equipment and stored and measured them in a magnetically shielded room (<150 nT DC
field) in the MIT Paleomagnetism Laboratory (http://web.mit.edu/paleomag). The
specimens were stored in the shielded room for two months prior to demagnetization to
allow for the decay of any viscous reman&nt magnetization (VRM). Remanence
measurements were acquired with a 2G Enterprises Superconducting Rock
Magnetometer (SRM) 755 equipped with an automatic sample handler, alternating field
(AF) demagnetizer and rock magnetism analysis system (Kirschvink et al., 2008).
1.2 Natural remanent magnetization (NRM) demagnetization and analysis. All
paleomagnetic specimens were subjected to progressive AF demagnetization up to 20 mT
in 1 mT increments, followed by progressive thermal demagnetization in temperature
increments of 50C-20'C up to 600'C or until the limit of reproducible measurements.
The low field susceptibility of each sample was measured after each thermal step using a
Bartington MS-1 Magnetic Susceptibility System. NRM intensities of the specimens
were typically ~5x 10-3 A/m, but ranged between 1 x 10-5 and 1x10-1 A/m. The average
intensity, which is several orders of magnitude weaker than modern fresh basalts, is
typical for Archean metabasalts that have undergone hydrothermal alteration (Strik,
2003; Yoshihara, 2001). In the Coucal and Double Bar Formations, the presence of
optically visible but rare hematite is confirmed by incomplete unblocking of a high-
coercivity phase above 600'C. This hematite does not hold a significant fraction of the
remanence, and its petrologic context is unknown. In some specimens, particularly in the
sub-unconformity alteration zone, erratic demagnetization above 350'C coincided with a
large increase in low-field susceptibility, presumably due to oxidation of iron sulfides.
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Principal component analysis (PCA) (Kirschvink, 1980) line, great circle, and
small circle (Mardia and Gadsden, 1977) fits were calculated using the software of Cogne
(Cogne, 2003) and Jones (Jones, 2002). Mean directions and their associated 95%
confidence intervals were calculated using Fisher statistics, after applying the quantile-
quantile method to ensure that the data are Fisher-distributed (Tauxe, University of
California Press, Berkeley, 2010). Origin-trending components are defined as having
least squares line fit directions (Kirschvink, 1980) whose angular deviation from the
origin (DANG) are less than their maximum angular deviation (MAD) (Tauxe and
Staudigel, 2004). Curved trajectories in vector endpoint diagrams indicate that for 10
Euro Basalt samples, the DOP overlapped the EBm component at blocking temperatures
below 450'C. For these samples, we estimated the EBm components using great circle
fits which we include in an alternative mean direction (EBm 2 in Table DRI). This
direction is not statistically different from the EBm mean direction. Mean directions
were compared using Watson's test for the common mean, and the critical p-value was
calculated using the F distribution with 2 and 2(N-2) degrees of freedom for N
measurements (Watson, 1956). The mean EBm and CDm directions are distinct at
>99.9% confidence. The CDp and CDm directions are very similar to each other but do
not share a common mean direction at 90% confidence. Likewise, the EBp and EBm
directions are also very similar to each other but do not share a common mean direction
at 86% confidence.
1.3 Rock magnetism. To obtain an indicator of magnetic grain size (Dunlop et al., 1973;
Lowrie and Fuller, 1971; Xu and Dunlop, 1995), 10 end chips were subjected to a
modified Lowrie-Fuller test (Johnson et al., 1975) (Fig. DR7) , in which an anhysteretic
remanent magnetization (ARM) was induced using a peak ac field of 215 mT and a dc
bias field from 0.2 to 2 mT in progressive 0.2 mT increments. Stepwise AF
demagnetization was then applied in 4 mT increments up to 215 mT. A 215 mT IRM
was then AF demagnetized following the same protocol. Nine specimens yielded low
field (L)-type behavior (ARM more resistant than IRM), and one produced a neutral
result (Xu and Dunlop). The L-type results are consistent with a magnetic mineralogy
dominated by single domain (SD) to pseudo-single domain (PSD) low-Ti
titanomagnetite.
An additional 10 end chips were subjected to progressive thermal
demagnetization of composite IRM (Lowrie, 1990) (Fig. DR6). IRM components of 0.9,
0.5, and 0.12 T applied sequentially in three perpendicular directions were thermally
demagnetized in order to determine the blocking temperature spectrum of different
coercivity fractions. These data, as well as thermal unblocking spectra of NRM (Fig.
DR3), indicate that all specimens were dominated by a low coercivity (<0.12 T) phase
that unblocked between 530-550'C, consistent with low-Ti titanomagnetite. Additional
unblocking between 565-580'C was observed in some specimens, suggesting the
presence of stoichiometric magnetite. Unblocking of all three coercivity components
between 310 and 350'C indicates the presence of monoclinic pyrrhotite, consistent with
petrographic observation of sulfide phases. Alternatively, this low temperature
demagnetization could reflect a population of high-Ti titanomagnetite grains.
We measured the forward S ratio (Kruiver and Passier, 2001) (IRM at 0.3 T/IRM
at 0.9 T) on 65 end chips (Fig. 2D). S ratios near 1 indicate dominance of a low
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coercivity phase (such as magnetite), while S ratios <0.95 indicate significant quantities
of high-coercivity phases like hematite or pyrrhotite. Euro Basalt specimens have
characteristic S ratios of 0.95-0.99 and Strelley Pool Formation specimens yielded S
ratios of -0.9. Below -200 m core depth, the Coonterunah Subgroup has S ratios of
-0.99, while above this level the S ratio increases toward the unconformity, reaching a
minimum of -0.8 just beneath the contact. The decrease in the S ratio toward the
unconformity reflects an increase in the ratio of iron sulfide grains, including pyrrhotite,
to low-Ti titanomagnetite grains. We note that use of the forward S ratio in this way
assumes non-interacting magnetic carriers; this was confirmed for our specimens by
comparison of IRM acquisition and AF demagnetization curves which indicate Cisowski
R-values (Cisowski, 1981) near 0.5.
We measured hysteresis loops on 30 endchips using an ADE 1660 VSM in the
laboratory of C. Ross at MIT, and measured the coercivity of remanence on the same
specimens by the backfield method (Dunlop and Ozdemir, 2001) on the SRM. The
resulting hysteresis parameters were plotted on a Day-Dunlop diagram (Dunlop, 2002)
(Fig. DR4). Euro Basalt specimens fall within the PSD field. Most Coonterunah
Subgroup specimens have weak saturation magnetizations and are dominated by a
paramagnetic component (probably due to the presence of abundant pyrite), making
measurement of hysteresis loops problematic (Fig. DR4B, inset). This effect is
particularly pronounced in samples from the sub-unconformity alteration zone.
Interpretable loops measured from the stratigraphically lowest, least altered part of the
core have narrow forms (Fig. DR5B) and fall within the multiple domain field on the Day
diagram (Fig. DR4). While the presence of high-coercivity minerals like pyrrhotite and
hematite complicates interpretation of these data, we infer a larger multi-domain
magnetic grain population for the Coonterunah Subgroup. This is in accordance with the
very intense but magnetically soft drilling overprint observed in these specimens (Figure
2).
2.0 Electron microscopy
The mineralogies of 6 representative specimens were characterized using scanning
electron microscopy and energy dispersive spectroscopy analyses on polished end chip
surfaces in the MIT Electron Microprobe Facility (http://web.mit.edu/e-probe/www/).
We found that volcanic rocks of the Euro Basalt consist of a low-grade prehnite-
pumpellyite to lowest greenschist facies assemblage albite-actinolite-epidote-pumpellyite
that is variably overprinted by a propylitic chlorite-quartz-carbonate assemblage. The
lowest -20 m of the Euro Basalt consists entirely of fine-grained chlorite and quartz.
Accessory minerals include chalcopyrite, rutile, chromite, titanite, and apatite. The
chalcopyrite is fine-grained, euhedral, and is dispersed throughout the rock. In contrast,
samples from the Double Bar and Coucal Formations consist of the assemblage quartz-
chlorite-calcite-phengite-rutile-pyrite/pyrrhotite, with apatite and xenotime as
accessories, reflecting a greenschist facies metamorphism overprinted by a phyllic
alteration that is more strongly developed near the contact with the Strelley Pool
Formation. Inclusions of the alteration assemblage within large pyrite crystals (Fig.
DR9) demonstrates a syn- or post-alteration age for sulfide mineralization.
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We interpret trellised leucoxene (TiO 2) structures observed within the altered
Double Bar Formation as remnants of igneous titanomagnetite grains exhibiting
magnetite-ilmenite oxy-exsolution textures (Fig. DR9). Subsequent to the exsolution, the
ilmenite and magnetite appear to have dissolved, leaving behind almost pure titanium
oxide. Despite our systematic element mapping, we did not identify iron oxides in any of
the 6 samples, with the exception of fragmented chromite within the Euro Basalt. This
suggests that the magnetic minerals within the metabasalts are all very fine-grained (<1
pm in diameter) and is consistent with observed weak magnetizations. This petrographic
evidence for magnetite dissolution requires destruction of any original thermal remnant
or thermochemical remnant magnetization during subsequent alteration.
3.0 Core misorientation
Equal area stereonet projections of the EBm components reveal a cluster of directions
pointing northwest-up that is intersected by a well-defined small circle of directions (Fig.
DR2A). The pole to this small circle closely approximates the up-core direction. This
indicates that a majority of samples were misoriented due to spinning of core segments
during extraction and subsequent improper extrapolation of the BallmarkTM orientation
line. Physical inspection of the quarter core at ASU verified that samples with "non-
spun" directions can be physically linked to segments bearing the original BallmarkTM
orientation mark (Fig. DR2A, red symbols), while "spun" samples are separated by
physical breaks across which core orientation is lost. Therefore, we can confidently
identify and exclude the spun EBm directions. Because the non-spun EBm directions are
tightly clustered and the spun EBm directions fall within a narrow annulus about the best-
fit small circle, spun EBp directions can be corrected to their approximate original
orientation by rotation about the drill core axis to minimize the great circle distance of
EBm components from the mean of the non-spun EBm directions. Pre-correction and
post-correction EBp directions are presented in Table DR4. These corrected data are
presented for reference only and are not utilized in any subsequent calculation or
interpretation.
Much of the dispersion of the CDm component is also due to drill core
misorientation. A small circle fit to the CDm directions has low error and yields a pole
that coincides with the drilling axis (Fig. DR2B). Orientations of planar-laminated chert
beds calculated from the angles at which they intersect the sides of the core show a
progressive clockwise shallowing of dip that is consistent with rotation of steeply
southeast-dipping beds about the drilling axis, which would yield progressively shallower
apparent dips with larger amounts of core misorientation (Fig. DR2B, blue symbols).
Directions from the stratigraphically lowest cherts span the entire CDm scatter but are
derived from only a few meters of fragmented core. We therefore interpret the CDm
scatter as spinning of a single component that lies in the northeast-equatorial/down
direction. As with the Euro Basalt, physical identification of confidently Ballmark-
oriented core fragments guided rejection of spun samples (Fig. DR2B, red symbols). The
Coonterunah Subgroup is internally folded in outcrops along strike from the ABDP-8
drill core; some of the scatter in the CDm directions may reflect this essentially
unconstrained deformation.
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Core misorientation is a persistent problem in paleomagnetic studies utilizing
subsurface drilling. Paleomagnetic measurements of the ABDP-1 drill core yielded
apparent evidence for fast plate motion relative to the stationary geomagnetic dipole field
during deposition of the ~3460 Ma Marble Bar Chert (Suganuma et al.). Upon
reexamination of the data, we find that this variation is best explained by misorientation
of drill core segments (Fig. DRi0), which were oriented by the bedding intersection
angle method. A small circle with a pole equivalent to the drill hole orientation (plunging
400 toward azimuth 2300) can be fit to the in-situ data (recovered by back-rotation of the
published tilt-corrected binned averages about the strike 3230/830, overturned),
suggesting that low-amplitude folding in the subsurface chert resulted in misorientation
of the drill core progressively with depth.
4.0 Age of the magnetizations
The CDm paleopole does not coincide with known pole positions from younger
rocks in the East Pilbara Block in either tilt-corrected or in-situ coordinates (Fig. DR9).
The Euro Basalt paleopole calculated from the in-situ EBm component falls near ~2.7 Ga
paleopoles reported from the overlying Neoarchan flood basalts, suggesting a potential
remagnetization origin. Thermal remagnetization of the ABDP-8 rock column during
emplacement of these flood basalts is ruled out by the EBm-CDm directional difference,
except in exotic scenarios involving multiple remagnetization events and final chemical
remagnetization of the Coonterunah Subgroup rocks without remagnetization of the Euro
Basalt. Preservation of pre-Neoarchean magnetizations in banded cherts and basalts
immediately underlying the Neoarchean flood basalts near Marble Bar indicates that
emplacement of the flood basalts onto a regional unconformity did not remagnetize the
rock substrate, which is lithologically similar to the sub-unconformity section in the
ABDP-8 core (Suganuma et al., 2006; Yoshihara, 2001).
Table DRIA. Magnetization components obtained from PCA
ID I/p Dg (*) Ig (*) k a95 (*) R Ds (*) Is (*) Dss (*) Iss (*)
DOP 4/85 136.7 -45.5 8.0 5.5 78.10
EBp 10/0 348.3 -46.5 6.3 19.8 9.40 351.6 22.5
EBm 19/0 311.9 -42.2 47.3 4.9 18.61 325.9 13.1
EBm 2  19/10 315.1 -41.3 31.4 4.9 29.21 327.0 15.4
CDp 22/0 42.1 -5.0 4.2 17.2 17.01 063.7 42.5 074.1 11.9
CDm 30/0 24.9 14.3 10.0 8.7 27.11 081.0 67.8 092.8 32.8
l/p: number of line fits/number of plane fits; Dg: geographic declination; Ig:
geographic inclination; k: Fisher precision parameter; a95: radius of circle of 95%
confidence; R: length of resultant of unit vectors Ds: declination corrected for dip of
Euro Basalt; Is: inclination corrected for dip of Euro Basalt; Dss: declination
corrected for remaining dip; Iss: inclination corrected for remaining dip
Table DR1B. Virtual geomagnetic poles
ID Ref. Ag(') Pg(*) dpg(*) dmg(*) A(*) 0.(*) dps(*) dm,(*) A p(*)
EBm A -48.6 196.8 3.6 6.0 46.5 65.2 2.5 5 6.6
CDm A -48.9 346.7 4.7 9.2 -8.8 193.4 5.6 9.9 17.9
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DFM1 B -17.5 38.4 6.8 12.5 15.2 46.4 84.8 6.9 12.6
DFM2 B 73.5 49.1 8.3 15.2 19.7 42.3 87 9.3 16.1
DFH B -17.5 4.2 8.9 16.2 35.1 -17 61.5 14.6 20.6
DFL B 55.7 131.4 7.1 13.3 -21.2 -28 349.3 8.7 14.7
MBL C -31.8 248.8 12.9 22.7 -18.0 - - - -
MB-Ave C 65.1 115.9 4.7 9.4 -19.8 59 26.2 6.3 10.8
Apex D 22.4 72.3 12.6 20 -20.5 38.2 19.4 10.8 18.5
References: A - this study, B (McElhinny and Senanayake, 1980), C (Suganuma et
al., 2006), D (Yoshihara, 2001); A: latitude of VGP; D: longitude of VGP; dp, dm:
semiminor and semimajor axes of 9 5 % polar error ellipse; g subscript denotes
geographic coordinates, s subscript denotes tilt-corrected data; Ap: paleolatitude
calculated from tilt-corrected inclinations.
Table DR2. EBm component fits
ID D (m) Spun n Temp. Dg (*) Ig (*) MAD (*) Ds (*) is (*)
AB8-1 20.49 Y 8 400-528 021.6 -59.6 19.5 011.4 8.6
AB8-2 23.29 Y 13 0-500 308.5 -55.0 4.1 333.9 2.7
AB8-3 25.45 Y 5 440-520 137.0 -4.1 3.2 105.4 -44.3
AB8-4 26.53 Y 9 528-575 125.3 33.7 2.0 135.8 -14.5
AB8-5 29.46 Y 7 420-528 047.7 -4.5 3.1 068.0 38.0
AB8-6 31.57 Y 9 440-550 029.5 -39.0 2.8 025.2 25.2
AB8-7 34.34 Y 9 440-550 066.9 -11.4 1.9 071.2 18.0
AB8-8 37.55 Y 10 420-550 169.0 17.3 6.8 162.7 -50.9
AB8-9 40.33 Y 19 50-528 212.3 9.1 2.3 230.6 -47.6
AB8-9a 40.70 Y 6 490-540 161.9 -0.5 5.8 134.9 -63.0
AB8-10 41.84 Y 9 440-550 140.8 12.0 5.9 126.5 -39.1
AB8-11 45.83 Y 7 460-542 085.0 6.8 3.1 095.4 7.9
AB8-12 48.22 N 9 440-550 312.5 -37.7 2.2 322.8 16.5
AB8-12b 50.80 N 5 500-540 322.6 -47.1 4.1 335.1 14.5
AB8-13 51.53 Y 9 440-550 035.5 -7.7 22.1 055.2 46.2
AB8-14 54.02 Y 15 380-565 040.9 -18.4 3.8 049.1 35.2
AB8-14a 57.00 N 7 470-540 296.7 -34.1 1.3 312.0 8.4
AB8-15 57.80 Y 11 400-550 154.5 19.3 2.0 145.9 -42.9
AB8-16 60.23 Y 11 460-565 231.5 -12.3 1.9 270.1 -41.1
AB8-16a 61.60 Y 7 470-540 245.4 -6.4 0.8 268.3 -26.2
AB8-17 63.34 Y 7 480-550 047.8 -12.0 4.8 060.2 33.9
AB8-17a 64.90 Y 7 470-540 344.5 -20.8 2.1 338.5 46.1
AB8-18 66.28 Y 8 440-550 144.6 10.8 5.0 128.5 -42.8
AB8-18a 69.50 Y 7 470-540 260.1 -22.2 0.5 289.0 -17.1
AB8-18a2 69.52 Y 5 350-470 264.1 -8.1 2.6 276.3 -9.2
AB8-18b 66.88 Y 5 490-530 251.7 -20.8 8.1 285.5 -24.3
AB8-18c 67.10 Y 7 470-540 152.3 15.3 1.5 140.2 -44.8
AB8-18d 67.40 Y 10 400-540 143.1 13.5 4.3 129.9 -39.9
AB8-18j 68.99 N 3 500-530 311.0 -47.3 2.4 329.3 9.1
AB8-19 69.06 N 9 420-550 317.5 -44.2 8.2 330.4 14.5
AB8-20 69.18 N 7 440-535 323.6 -57.6 5.2 341.9 6.4
AB8-20a 69.48 N 4 500-530 315.0 -56.0 5.8 337.2 4.7
AB8-21 72.25 Y 12 480-565 017.6 -3.7 8.5 037.3 61.2
AB8-22 75.84 Y 6 440-528 000.1 -18.5 5.0 359.6 51.5
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AB8-23
AB8-24
AB8-25
AB8-26
AB8-27
AB8-28
AB8-29
AB8-30
AB8-31
AB8-32
AB8-33
AB8-34
AB8-35
AB8-36
AB8-37
AB8-35a
AB8-38
AB8-39
AB8-39a
AB8-40
AB8-41
AB8-42
AB8-42a
AB8-42b
AB8-44a
AB8-46
AB8-47a
AB8-48
ID: specimen number;
component
geographic
corrected
fit; Temp.
inclination;
declination;
d: down-core depth; Spun: (Y)es/(N)o; n: number of steps in
temperature range of fit; Dg: geographic declination; Ig:
MAD: maximum angular deviation of PCA fit; Ds: Structurally
Is: Structurally corrected inclination. Non-reproducible
magnetization indicates specimens with incoherent step-to-step magnetizations that
yielded no distinct magnetic components.
Table DR3. Ebm
ID
AB8-13b
AB8-18e
AB8-18f
AB8-18g
AB8-18h
AB8-18i
AB8-39b
AB8-44
AB8-45
AB8-47
D (m)
53.70
62.70
67.81
68.34
68.75
68.87
122.08
132.10
135.02
139.04
Spun
N
N
N
N
N
N
N
N
N
N
plane fits
n Temp (*C)
24 0-540
13 335-540
19 150-540
19 100-540
12 50-425
12 50-540
6 470-530
12 125-500
12 0-340
10 50-380
ID: specimen number; d: down-core depth; Spun: (Y)es/(N)o; n: number of steps in
component fit; Temp.: temperature range of fit; Dgp: geographic declination of pole
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101.1
338.4
319.6
332.7
165.9
54.6
24.1
19.9
21.2
46.5
78.18
81.36
82.82
83.70
85.62
88.09
91.59
94.62
94.72
97.94
102.83
105.94
108.88
111.91
111.99
114.39
114.44
119.05
120.03
123.47
124.78
128.75
128.91
130.07
133.83
136.99
140.95
141.88
520-560 038.9 22.0 9.1
0-500 333.5 -40.7 9.6
440-555 313.1 -33.1 8.4
500-565 325.5 -40.4 1.9
528-575 022.6 60.8 14.4
non-reproducible demagnetization
440-520 312.8 -44.6 3.5
450-470 319.4 -36.5 1.5
350-470 316.7 -32.2 3.4
450-470 225.9 -7.3 1.1
420-560 005.5 -32.1 7.9
520-550 208.4 1.3 10.3
380-550 278.9 -35.8 3.8
125-460 041.6 -19.2 12.6
380-520 008.6 -25.1 5.3
310-425 302.6 -45.6 5.7
non-reproducible demagnetization
420-528 359.8 -29.5 4.8
450-530 019.0 -47.1 5.6
300-500 290.9 -49.5 12.8
200-340 290.9 -52.2 4.3
380-480 228.1 -16.9 2.8
425-520 235.8 -29.1 3.8
350-470 266.5 -26.9 3.7
non-reproducible demagnetization
380-535 305.0 -29.7 14.8
450-500 306.8 -33.0 3.9
440-520 308.8 -31.7 5.9
328.2 11.9
326.1 21.2
321.1 22.8
261.2 -44.7
005.8 37.7
235.8 -55.7
307.2 -5.5
049.0 34.1
010.6 44.3
324.2 5.7
359.6 40.5
014.0 21.0
323.3 -3.0
325.7 -4.3
275.1 -45.4
292.7 -39.8
295.3 -12.7
312.3 16.7
316.0 15.9
316.0 18.1
Dgp (*)
009.1
074.3
114.4
341.5
005.9
329.9
061.4
122.2
333.0
028.4
Igp ()
66.6
-26.9
-29.7
45.2
47.8
53.3
11.0
-41.4
34.3
53.9
MAD (*)
13.3
10.0
24.5
18.7
10.5
22.5
12.5
20.1
9.2
3.9
Dgcf (*)
324.3
316.8
324.5
314.9
321.2
316.1
340.5
316.7
309.5
330.7
Igcf (*)
-17.1
-42.3
-56.6
-41.6
-32.8
-35.9
-39.2
-47.7
-53.4
-21.3
Dscf (*)
314.3
328.6
341.7
327.1
324.6
323.6
343.1
332.3
333.1
323.7
Iscf (*)
38.3
15.6
7.5
15.1
24.9
19.8
27.8
11.5
4.3
39.2
to great circle fit; Igp: geographic inclination of pole to great circle fit; MAD:
maximum angular deviation of PCA fit; Dgcf: geographic declination of best fit line on
great circle path; Igcf: geographic inclination of best fit line on great circle path;
Structurally corrected declination; Dscf:
Igcf with structural correction applied.
DR4.
d (m)
48.22
51.53
102.83
105.94
108.88
111.91
111.99
119.05
123.47
128.75
132.10
EBp
Spun
N
Y
Y
Y
Y
Y
Y
Y
N
Y
N
Dgcf with structural correction applied; Iscf:
component fits
Temp ("C)
150-340
150-340
150-340
200-340
200-340
150-340
200-340
150-340
200-340
200-340
200-340
Dg(*)
347.8
096.0
024.3
243.9
322.6
047.4
028.8
056.5
315.5
258.0
254.3
Ig(*)
-29.8
29.6
-13.7
-20.9
-32.6
-22.7
-18.9
-25.1
-56.0
-27.8
-38.2
MAD (*)
11.3
2.1
8.3
1.6
1.4
3.7
4.4
2.8
0.3
1.1
0.2
Dgc(*)
347.8
027.0
343.0
002.0
001.5
319.6
343.8
022.5
315.5
068.3
254.3
Igc(*)
-29.8
-12.6
-33.9
-25.8
-40.4
-35.4
-50.3
-44.1
-56.0
-77.5
-38.2
ID: specimen number; d: down-core depth;
component fit; Temp.: temperature range
geographic inclination; MAD: maximum
Geographic declination corrected for sai
inclination corrected for sample misorientatic
Spun: (Y)es/(N)o; n: number of steps in
of fit; Dg: geographic declination; Ig:
angular deviation of PCA fit; Dgc:
rnple misorientation; Igc: Geographic
Table DR5.
ID d (m)
AB8-69a 191.79
AB8-69b 192.45
AB8-70 194.27
AB8-71 196.64
AB8-71a 197.86
AB8-73 202.20
AB8-73a 203.78
AB8-74 205.00
AB8-75 207.97
AB8-75a 209.90
AB8-76 211.16
AB8-77a 215.86
AB8-78a 215.87
AB8-80 220.16
AB8-82 223.03
AB8-84a 226.73
AB8-84b 227.98
AB8-85a 230.96
AB8-86a 234.84
AB8-87 236.20
AB8-88 240.10
AB8-89 244.10
AB8-90 246.49
CDm component fits
Spun
N
N
Y
N
N
N
N
N
Y
Y
Y
N
Y
n
9
9
5
9
6
11
11
16
13
6
8
9
14
Temp (*C)
335-510
335-500
500-550
380-528
375-490
420-535
375-540
250-550
380-542
470-530
380-520
425-540
325-540
Dg (*)
051.1
025.9
145.1
028.4
017.7
028.4
012.3
034.6
201.5
092.3
117.3
054.9
127.0
non-reproducible demagnetization
non-reproducible demagnetization
Y 7 350-490 230.2
Y 15 100-490 160.8
Y 7 470-540 181.5
non-reproducible demagnetization
drilling overprint
drilling overprint
N 6 400-500 353.9
N 8 250-460 005.5
Table
ID
AB8-12
AB8-13
AB8-33
AB8-34
AB8-35
AB8-36
AB8-37
AB8-39
AB8-40
AB8-42
AB8-44
Dss (*)
118.2
101.9
171.4
121.7
109.9
101.3
126.7
095.9
202.2
115.3
158.6
138.0
114.0
Iss (*)
9.2
30.7
-31.2
26.7
37.5
28.4
38.2
22.4
-11.1
-28.4
-14.4
8.4
-68.3
Ig (*)
37.6
22.6
48.9
40.2
28.5
22.1
41.0
17.0
52.9
23.7
62.6
57
2.1
37.2
24.5
43.2
1.9
-17.5
MAD (*)
1.6
2.6
23.5
8.2
1.7
10.5
1.5
2.1
1.5
3.6
8.7
3.7
2.9
4.5
3.6
7.6
4.9
5.1
224.0 2.1
195.2 -52.4
200.6 -27.5
067.7 60.3
047.2 41.7
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AB8-91 248.86 Y 10 300-500 057.5 -35 14.2 047.1 -7.5
N 10 440-565 020.3 -5.5 4.7 068.2 33.0
non-reproducible demagnetization
AB8-92
AB8-93
AB8-94-97
AB8-98
AB8-99
AB8-99a
AB8-99b
AB8-1 00
AB8-101
AB8-101a
AB8-102
AB8-103
AB8-103a
AB8-106
AB8-107
AB8-107a
AB8-108
AB8-109
AB8-110
A18-111
AB8-111b
AB8-111c
AB8-112a
AB8-112d
AB8-112e
AB8-113a
AB8-113b
AB8-114a
AB8-114b
AB8-114c
A8-115
AB8-115a
AB8-115b
AB8-116
AB8-117
AB8-117a
AB8-118a
AB8-118
AB8-118b
AB8-119
252.73
255.50
269.52
272.11
272.99
273.06
274.99
278.09
278.75
281.01
284.12
284.88
289.89
292.97
293.96
295.60
298.23
301.82
304.75
302.38
307.90
308.00
309.65
311.02
311.40
312.20
312.50
313.80
314.00
316.27
316.70
318.69
318.88
321.64
322.67
324.10
324.09
326.68
329.32
drilling overprint
Y 9 528-575 221.5
drilling overprint
Y 5 500-540 041.4
N 7 375-520 020.4
drilling overprint
drilling overprint
drilling overprint
N 7 440-535 023.5
N 9 400-535 009.7
drilling overprint
drilling overprint
N 6 300-440 010.1
non-reproducible demagnetization
N 7 380-500 015.5
N 8 380-520 007.4
N 5 380-460 023.9
N 6 340-480 355.2
non-reproducible demagnetization
Y 6 350-470 126.9
Y 6 425-510 148.2
11 350-530 350.3 13.8
non-reproducible demagnetization
Y 6 450-520 100.2
N 8 450-540 047.1
N 12 350-540 047.2
N 9 350-510 046.7
N 8 450-540 056.1
N 9 400-535 031.3
N 8 450-540 036.0
non-reproducible demagnetization
Y 7 400-520 290.9
Y 9 250-500 317.2
N 7 425-540 060.3
N 6 470-530 021.9
N 8 400-535 353.0
N 6 450-520 030.2
Y 6 400-500 131.6
39.2
27.2
27.0
22.0
25.2
10.1
14.4
-17
-12.5
30.4
-1.0
-12.2
10.0
40.9
1.8 245.3 -10.7
4.4 024.5 -0.6
7.6 060.3 30.7
9.9 092.9 32.9
3.8 086.5 46.2
15.4 086.7 45.8
13.7
-55.8
-12.6
14.9
10.6
10.7
-14.9
-3.0
5.8
0.1
055.7
066.6
082.2
065.1
34.3
46.0
31.7
58.6
141.2 -54.5
178.4 -64.9
093.0 65.1
134.1
107.4
107.2
102.1
106.4
088.1
093.2
299.6
331.8
112.2
073.9
043.5
087.8
158.5
-25.6
11.6
11.5
11.4
3.3
25.0
20.8
46.8
66.3
0.6
32.5
54.6
26.0
-37.7
ID: specimen number; d: down-core depth; Spun: (Y)es/(N)o; n: number of steps in
component fit; Temp.: temperature range of fit; Dg: geographic declination; Ig:
geographic inclination; MAD: maximum angular deviation of PCA fit; Dss: Declination
structurally corrected for the dip of the Euro Basalt and then the remaining dip of the
Double Bar-Coucal section; Iss: Inclination structurally corrected for the dip of the
Euro Basalt and then the remaining dip of the Double Bar-Coucal section. Non-
reproducible magnetization indicates specimens with incoherent step-to-step
magnetizations that yielded no distinct magnetic components. Drilling overprint
indicates specimens that retained a strong DOP component to high temperatures.
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4.7
4.1
4.0
7.5
4.5
2.5
5.8
1.6
1.9
3.0
2.2
3.8
5.0
11.8
4.3
6.8
5.2
8.5
5.1
4.4
3.7
20.8
15.1
N
Table DR6. CDp component fits
ID
AB8-61
AB8-63
AB8-64
AB8-65
AB8-66
AB8-67
AB8-68
AB8-69
AB8-69a
AB8-69b
AB8-70
AB8-71
AB8-72
AB8-73
AB8-75a
AB8-76
AB8-77
AB8-78
AB8-84
AB8-85
AB8-86
AB8-89
AB8-90
AB8-102
AB8-103
AB8-104
AB8-107
AB8-109
AB8-1 10
AB8-1 11
AB8-111a
AB8-116
AB8-118
AB8-119
d (m)
170.10
172.33
176.52
179.36
182.32
185.43
187.93
191.32
191.79
192.45
194.27
196.64
199.83
202.20
209.90
211.16
213.82
216.43
226.08
229.58
233.61
244.10
246.49
281.01
284.12
287.00
292.97
298.23
301.82
304.75
302.20
318.88
324.09
329.32
Spun
N
N
N
N
N
N
N
N
N
N
Y
N
Y
N
Y
Y
N
N
N
Y
Y
Y
Y
N
N
N
N
N
N
N
Y
Y
Y
Y
n Temp. (*C)
200-380
150-380
200-380
250-380
200-380
200-380
200-380
200-380
200-380
200-380
200-380
200-380
200-380
200-380
150-340
150-340
200-380
100-340
50-340
0-400
0-300
150-340
250-380
250-380
250-340
125-340
250-380
250-380
250-340
250-340
280-375
280-340
280-340
280-340
Dg (*)
078.9
073.1
055.6
093.2
092.1
080.2
081.0
049.8
052.0
035.1
088.1
035.6
107.6
006.0
085.2
115.4
070.9
064.8
011.1
184.5
174.2
358.8
016.7
345.4
010.9
003.6
353.0
017.3
046.1
357.9
179.6
314.0
345.3
128.6
Ig (*) MAD (*) Dss (*) Iss (*)
-7.1
44.6
8.6
9.1
16.6
-41
-26.2
-4.6
9.5
7.3
29.3
1.0
31.8
-13.2
-8.0
55.7
25.2
13.3
11.3
33.8
42
-18.3
-31.7
-12.3
2.8
-21.5
-42.4
-8.7
-52.8
-14.3
53.5
-7.2
-30.3
31.1
5.9
1.8
9.4
5.5
32.9
11.6
13
17
13.4
7.3
4.6
2.0
9.4
4.9
7.9
5.8
1.1
1.0
3.2
2.0
1.4
7
1.2
7.5
2.6
1.5
1.5
10.3
10.9
6.4
11.2
4.3
6.6
10.0
078.1
128.6
090.0
099.9
107.8
040.6
056.9
076.0
090.3
085.5
119.0
079.0
132.2
052.6
078.0
154.1
109.4
096.3
087.6
210.1
196.5
041.2
039.0
034.1
075.7
041.4
015.4
063.5
028.1
045.3
192.4
318.0
016.5
150.8
-24.5
-5.5
1.0
-34.9
-31.2
-25.3
-27.5
4.5
4.7
20.9
-22.5
19.4
-35.0
43.3
-30.8
-19.9
-9.7
-7.0
44.9
-32.5
-31.7
46.5
25.5
60.1
44.0
40.9
31.9
34.9
-2.4
49.5
-20.2
69.6
45.4
-46.1
ID: specimen number; d: down-core depth; Spun: (Y)es/(N)o; n: number of steps in
component fit; Temp.: temperature range of fit; Dg: geographic declination; Ig:
geographic inclination; MAD: maximum angular deviation of PCA fit; Dss: Declination
structurally corrected for the dip of the Euro Basalt and then the remaining dip of the
Double Bar-Coucal section; Iss: Inclination structurally corrected for the dip of the
Euro Basalt and then the remaining dip of the Double Bar-Coucal section.
Table DR7. Zircon geochronology references
ID Sample Number Unit Age (Ma) Method Detrital? Reference
1 GSWA 142836 Strelley Pool Fm. 3426±10 LA-ICPMS Yes
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Nelson (1998)
2 GSWA 142972 Strelley Pool Fm.
3 GSWA 168913 Strelley Pool Fm.
3433±6 LA-ICPMS Yes Nelson (2001)
3427±2 LA-ICPMS No Nelson (2001)
MP1 Strelley Pool Fm.
GSWA 160221 Panorama Fm.
3430 LA-ICPMS Yes
3430±4 LA-ICPMS No
Barley et al. (1998)
Nelson (2002)
6 GSWA 148502 Panorama Fm. 3433±2 LA-ICPMS Maybe Nelson (2001)
7 JW95-001
8 100507
9 MW19
10 GSWA 178042
11 -
12 MW64
13.1 BA 10
Panorama Fm. 3446±5 LA-ICPMS No de Vries et al. (2006)
Panorama Fm. 3458±2 TIMS No
Footbridge Ch. 3334±3 TIMS No
Euro Basalt 3350±5 LA-ICPMS Maybe
Hooggenoeg H6 3445±4 TIMS
Kromberg Fm. 3416±5 TIMS
Noisy Complex 3438±6 TIMS
No
Thorpe et al. (1992)
Byerly et al. (1996)
Nelson (2005)
de Wit et al. (1987)
Maybe KrOner et al. (1991)
Yes Kroner and Todt (1988)
Noisy Complex 3438±6 TIMS Yes
Noisy Complex -3437 LA-ICPMS Yes
Noisy Complex
Wyman Fm.
Wyman Fm.
17 GSWA 169026 Panorama Fm?
-3436
331 5±5
3325±2
LA-ICPMS
LA-ICPMS
TIMS
Yes
No
No
3458±9 LA-ICPMS Yes
Kroner and Todt (1988)
Grosch et al. (2011)
Grosch et al. (2011)
Nelson (2002)
Thorpe et al. (1992)
Nelson (2004)
18 Hooggenoeg 3451±5 LA-ICPMS No De Vries (2004)
Supplementary Figure Captions
Fig. DR1. Great circles and combined best-fit points calculated from low-field (<20
mT) AF demagnetization paths for all ABDP-8 specimens (Cogne, 2003). This
overprint nearly parallels the up-hole direction of the drill core (black circle).
Fig. DR2. Equal-area stereographic projections of all high-temperature EBm and
CDm directions prior to exclusion of misoriented specimens. Large green circles,
dashed in the upper hemisphere and solid in the lower hemisphere, indicate best-fit planes
of the EBm (A)) and CDm (B) directions and the annulus of 95% confidence(Cogn6,
2003). Green stars indicate the position of the best-fit poles and are surrounded by circles
of 95% confidence. Coincidence of these poles with the drill core orientation proves that
core misorientation is the dominant cause of directional smearing. Red symbols indicate
specimens that were verified to have accurate BallmarkTM orientation during physical
inspection of the core housed at ASU. Blue symbols in CDm indicate directions
measured from banded chert specimens, and are labeled with the magnitude of bedding
dip calculated from intersection angles of planar chert beds with the core. Shallow dips
are associated with spun specimens due to the oblique intersection of the drill core with
bedding at depth.
Fig. DR3. Normalized unblocking spectra of NRM during progressive thermal
demagnetization, after AF demagnetization to 20 mT. Prominent decreases in M/Mo
between 300-335'C and 530-550'C are diagnostic of monoclinic pyrrhotite (FeS, 0.0 <
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4
5
13.2
14.1
14.2
15
16
BA 11
KD2-116m
KD2-176m
GSWA 144681
94754
x < 0.2) and low-Ti titanomagnetite, respectively. Increases in magnetization above
550'C are due to formation of fine-grained magnetite and hematite during heating. One
sample from the Coucal Formation exhibits strong magnetization above 5600 C,
indicating the presence of voluminous hematite.
Fig. DR4. Day-Dunlop(Dunlop, 2002) diagram showing H,/He as a function of
Mr/Ms. Euro Basalt specimens (circles) show PSD-type hysteresis loops (Fig. DR5),
while Coucal/Double Bar specimens (squares) have high Her/He ratios and low Mrs/Mr
ratios consistent with the presence of superparamagnetic titanomagnetite grains.
Fig. DR5. Representative hysteresis loops for selected specimens after subtraction of
a linear paramagnetic component. The Euro Basalt specimens yielded clean hysteresis
loops with well-characterized hysteresis parameters, while the Coucal/Double Bar
specimens are noisy due to dominance of a strong paramagnetic component over a
weaker ferromagnetic signal.
Fig. DR6. Representative results of progressive thermal demagnetization of
orthogonal laboratory-induced IRMs (Lowrie, 1990). (A) Euro Basalt Formation. (B)
Double Bar Formation. Dominance of the 0.12 T component (red) indicates that low-
coercivity titanomagnetite dominates the IRM magnetization of these samples. Large
drops in the 0.12 T and 0.5 T components at -335*C (Py) reflect demagnetization of
monoclinic pyrrhotite. The 0.12 T component is entirely demagnetized by 540'C in all
specimens (TM), consistent with low-Ti titanomagnetite. The 0.9 T component is weak
in all specimens, indicating that hematite is a minor carrier of the IRM magnetization,
and probably of the NRM as well.
Fig. DR7. Results of the modified Lowrie-Fuller test (Johnson et al., 1975). Filled
symbols show progressive AF demagnetization of an IRM, while open symbols show
progressive AF demagnetization of an ARM applied with a 215mT peak AF field with a
2mT bias field. All specimens but one show greater resistance of ARM to AF
demagnetization than a corresponding IRM, consistent with (but not necessarily
diagnostic of) a fine magnetic grain size(Xu and Dunlop).
Fig. DR8. Published virtual geomagnetic poles from the East Pilbara Block, in both
in-situ and tilt-corrected coordinates. The thick gray line indicates the 2,800-2,500 Ma
apparent polar wander path(Strik, 2003). Unfilled ellipses represent poles derived from
directions that were not corrected for structural tilt, while filled ellipses are derived from
tilt-corrected directions. Poles that have been reversed are denoted with a -R suffix.
MBL is interpreted as a low-temperature overprint. Although EBm and Apex-R fall on
the Neoarchean APW path, they are not interpreted as overprints.
Fig. DR9. Backscattered electron micrograph of a specimen from the Double Bar
Formation within the alteration zone underlying the Strelley Pool Formation. A
trellis structure ~0.4 mm in diameter is composed of leucoxene (TiO 2), representing the
[111] ilmenite exsolution lamellae of oxyexsolved igneous titanomagnetite. Interlattice
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spaces are filled with quartz, chlorite, and phengite. Highly reflective (white) areas are
pyrite and pyrrhotite.
Fig. DR10. Published binned mean directions from the Marble Bar Chert
(Suganuma et al.) in geographic coordinates. These directions can be precisely fit by a
small circle with a pole fixed to the drill core direction (Cogn6, 2003), indicating that
down-core directional variation is best explained by progressive misorientation of the
drill core with depth.
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